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ABSTRACT
Rapid thermal annealing was used to produce n^-surface layers in tin- 
and selenium-implanted GaAs. Hall effect and differential Van der Pauw 
measurements were performed and peak electron carrier concentrations of 
about 9 x 10ia cm-3 with corresponding sheet resistivities as low as 2B 
£}/□ » were achieved for high-dose, room-temperature Sn and Se implants. 
To realise this* development of new encapsulants and improvements to 
existing annealing methods were made.
A novel method of depositing evaporated AIN for protecting the GaAs 
surface has been developed. This consists of the evaporation of A1 in 
the presence of pure ammonia gas or an aqueous NH3/N5 gas mixture. The 
evaporated AIN layers were characterised using RBS and RHEED techniques 
and found to consist mainly of Al, N and 0 (as contaminant). These 
layers were used to successfully encapsulate GaAs at temperatures of up 
to 1100c*C which is well above 950°C, the characteristic maximum useful 
temperature achieved using the existing CVD Si3N^. A double-layer 
encapsulant, consisting of ~ 300 A CVD SiaN* plus 600 A evaporated AIN 
was also developed and found to withstand even higher temperatures 
(~1150°C) and to provide more reliable and reproducible results than 
either AIN or SiaN^ when used singly.
A double graphite strip heater was developed in order to improve the
ft
accuracy of annealing temperature and time measurements. This method was 
compared to existing annealing methods (single graphite strip, incoherent 
light and electron beam annealers) and was found superior in terms of 
temperature accuracy and reproducibility.
A simple thermodynamic theory has been developed to explain the 
incorporation of Sn and Se implanted into GaAs using results obtained 
from a detailed study of electrical properties measured as a function of 
annealing temperature and time for 1 x lO1^ cm~e dose implanted at an 
energy of 300 keV and RT. The electrical activity was found to increase 
with time and temperature but for sufficiently long times, this activity 
saturates for a given temperature. Detailed analysis of the data produced:
i) an activation energy of 1.2 ± 0.1 eV which is suggested to be that 
required to remove Sn or Se from a complex defect where it is inactive or 
compensated and subsequently place it on an appropriate vacancy where it 
acts as a donor and, ii) activation energies of diffusion of 2.5 ± 0 . 1  eV 
and 4.3 ± 0.4 eV for Sn and Se implants in GaAs, respectively.
ACKNOWLEDGEMENTS
I would like to express my gratitude to my supervisor and thesis adviser. 
Dr. Brian J. Sealy, for the support and personal interest he has taken 
relative to the preparation and completion of this thesis. His insights 
and ideas have engendered many stimulating discussions which have guided 
the conduct of this research project, and have made the work interesting, 
all through to its completion. I would also like to thank the Head of 
the Department, Prof. K.G. Stephens, for his help and initial direction.
I wish to thank Dr. M.A. Shahid, Mr. A. Abid and Prof. P.N. Favennec for 
their assistance with the TEM, RHEED and SIMS results, respectively. My 
appreciation likewise goes to Mr. John Mynard and his colleagues in the 
Accelerator Laboratory for the technical support provided in the ion 
implantation and RBS experiments; to my colleagues in the Solid State 
Devices and Ion Beam Technology Group for their comments and suggestions; 
and to the Administrative Staff of the Electronic and Electrical 
Engineering Department for their friendly assistance.
I thank my government for sponsoring my studies at the University. It is 
my hope that the knowledge I have gained from this research will be of 
value to my country in the future.
Finally, I express my utmost appreciation to my family and loved ones, 
for their patience and understanding as well as for the inspiration they 
have provided throughout. To them I endearingly present this work; may 
it manifest my gratitude for their untiring encouragement and moral 
support.
TABLE OF CONTENTS
CHAPTER 1
INTRODUCTION
1.1 Introduction........          1
1.2 Aims of the Project........  ...........   3
1.3 Scope of the Thesis.....................................  4
CHAPTER 5
LITERATURE SURVEY
2.1 Introduction...........    5
2.2 GaAs as a Semiconductor Material...... ............  5
2.2.1 Importance of GaAs
2.2.2 Material Characterisation Technique
2.2.3 Qualification Test
2.3 Ion Implantation........ ....... .................... . 8
2.3.1 Introduction
2.3.2 Physics of Ion Implantation
2.4 Doping GaAs bv Ion Implantation....................   10
2.4.1 Prevention of GaAs Surface Dissociation
2.4.2 Annealing Techniques and Doping Results
2.4.3 Donor and Acceptor Species in GaAs
CHAPTER 3
EXPERIMENTAL TECHNIQUES
3.1 Introduction.................      25
3.2 Ion Implantation Procedure............................. 25
3.2.1 Material Specification
3.2.2 Material Characterisation and Selection
3.2.3 Ion Implantation Procedure
3.3 Encapsulation Techniques..............................  27
3.3.1 CVD Silicon Nitride (Si3NU)
3.3.2 Evaporated Aluminium Nitride (AIN)
3.3.3 Double-layer Encapsulant (Si3N^/AlN)
3.4 Annealing Techniques..........     33
3.4.1 Graphite Strip Heater (GSH)
3.4.2 Incoherent Light Annealer (ILA)
3.4.3 Electron Beam Annealer (EBA)
3.4.4 Summary of Annealing Techniques
3.5 Preparation of Samples for Electrical Measurements... 39
3.5.1 Preparation of Samples
3.5.2 Ohmic Contact Formation
3.6 Measurement Techniques................     40
3.6.1 Measurement of Electrical Properties
3.6.2 Rutherford Backscattering Spectrometry (RBS)
3.6.3 Other Assessment Techniques
i i i
CHAPTER 4
EXPERIMENTAL RESULTS
4.1 Introduction....................     52
4.2 Encapsulants...............    54
4.2.1 Characterisation of CVD SiaN^ Encapsulant
4.2.2 Characterisation of Evaporated AIN Films
4.2.3 Double-layer Encapsulants
4.3 Sheet Electrical Properties of Sn-*--
and Se'*'-implanted GaAs  .................   68
4.3.1 Single Graphite Strip Heater (SGSH)
4.3.2 Multiscanned Electron Beam Annealer (EBA)
4.3.3 Incoherent Light Annealer (ILA)
4.3.4 Double Graphite Strip Heater (DGSH)
4.4 Carrier and Atomic Distribution of Sn-*'-
and Se"*"-implanted GaAs.................................. 88
4.4.1 n^-Layers
4.4.2 SIMS Results
4.4.3 TEM Results
4.4.4 RBS Results
4.5 Electrical Properties of Sn-*- and Se"* implants
as a function of Annealing Temperature and Time..... 115
4.6 Conclusion............................................  116
CHAPTER 5
DISCUSSION
5.1 Introduction...........................................
5.2 Encapsulation..........................................
5.2.1 Introduction
5.2.2 CVD Silicon Nitride
5.2.3 Evaporated AIN and the 
Double-layer Encapsulant
5.3 n^-Layers..............................................
5.3.1 Sheet Electrical Properties
5.3.2 Electrical Profiles
5.3.3 Conclusion
5.4 SIMS, TEM and RBS Analyses............................
5.4.1 Comparison of Electrical and 
Atomic Distribution for Sn Implants
5.4.2 TEM and RBS Results
5.4.3 Conclusion
5.5 Annealing Mechanism of Sn and Se Implants in GaAs...
5.5.1 Introduction
5.5.2 Thermodynamic Model
5.5.3 Analysis of Data
5.5.4 Interpretation of Results
5.5.5 Conclusion
5.6 Summary........... ...... ...............................
121
121
127
142
147
173
CHAPTER 6
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
6.1 Introduction............       175
6.2 Encapsulation......  175
6.3 The Double Graphite Strip Heater..........   177
6.4 Properties of Sn- and Se-Implanted GaAs........  178
6.5 The Thermodynamic Model..... ..............    179
6.6 Conclusion ........................    180
LIST OF PAPERS RESULTING FROM THIS STUDY.........       182
REFERENCES.............................................................. 183
v
Dedicated To Mv Mother
CHAPTER 1
INTRODUCTION
1.1 Introduction
The impact that GaAs has made on the fabrication of microwave devices? 
solar cells? integrated circuits and integrated optics has given the 
material tremendous technological importance. This phenomenon holds 
despite inherent problems associated with the material which? in turn? 
has constrained the wide-scale use of GaAs in technology. Foremost 
among these difficulties are the inability to fabricate high-performance 
bipolar transistors because of the low minority carrier lifetime? the 
lower thermal conductivity of GaAs? the dissociation of the surface 
during high temperature processing (especially for the removal of 
implantation damage and implant activation)? and the absence of a stable 
surface oxide with low interface state density. The latter problem means 
that an MOS device technology is not possible? and the alternative MESFET 
approach to circuit fabrication is universal.
Ion implantation is a well established method for controlled doping of 
semiconductors and offers many advantages over other doping methods 
(e.g.? diffusion). However? ion implantation causes lattice disorder 
which must subsequently be removed by annealing so as to electrically 
activate the implanted dopant species. Various annealing techniques have 
been developed to restore the lattice crystallographic perfection. The
rapid thermal annealing method (RTA) is particularly attractive for GaAs
since it offers possible solutions to difficulties encountered with
conventional furnace annealing (e.g.? control of the decomposition of the 
near surface? removal of ion implant damage and dopant activation).
However? when GaAs is annealed at temperatures higher than 660°C? 
evaporation of Ga and As causes the surface of GaAs to decompose. This 
must be prevented because it causes changes in the electrical properties 
of the substrate material? as well as variations in the properties of the 
implanted surface layers. Various encapsulation techniques have been
used to prevent the decomposition of the GaAs surface during annealing?
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but the protection of GaAs is still a major problem since perfect 
encapsulation is difficult to achieve especially at high annealing
temperatures <> 1000°C).
Recent work has concentrated on the assessment of the electrical
properties of rapid-thermally-annealed ion-implanted GaAs. These studies 
have essentially confirmed the potential of rapid thermal annealing
applications for compound semiconductors. Donor implantation in GaAs has 
recently received more attention than acceptors? in particular, as a 
fabrication technique for thin n-type layers which are applicable to FETs 
and integrated circuits. Thin n-type layers with two different doping 
levels are required for these GaAs devices. One is highly doped (n*) 
with carrier concentrations above 101B cm"3 and the other is the n-type 
layer with a carrier concentration of around lO17 cm"3 . The former is 
required for the ohmic contact regions and the latter for the active
channel region.
Because the major part of the noise in a low-noise GaAs FET originates 
from parasitic resistance of the source and drain contacts, a reduction 
in the contact resistance is extremely important in order to fabricate 
such devices. To achieve a low-resistance ohmic contact on GaAs, the 
free carrier concentration at the metal-semiconductor interface must be 
sufficient to reduce the barrier width to a few tens of angstroms, hence,
allowing the majority of carriers to tunnel across the interfacial
region. High surface carrier concentrations can, in principle, be
produced by ion implantation of a high dose of a suitable dopant plus an
annealing step both to remove lattice damage and activate the dopant.
These have been achieved by furnace annealing techniques at temperatures 
up to 1100c,C but this process has generally produced changes in the 
substrate properties. These have also been obtained by laser and 
electron beam annealing, however, these procedures usually yield low 
mobilities which have been attributed to slip plane formation caused by 
thermal stress.
Either Si or Se ions have generally been employed for donor implants in 
GaAs. Both ions implanted at room temperature can be electrically 
activated to a high degree after post implant annealing. The maximum
carrier concentration, nm*K, obtained by Si implantation seems to be
limited to around £ x 101B cm"3 (1-4). Si atoms can be located on both
Ga and As sites in GaAs, resulting in an amphoteric compensating
E
behaviour which limits the maximum carrier concentration. Higher 
electrical activation can be obtained by Se implantation in GaAs at 
200°C, with the formation of n^-layers with an nm«„ of 1.5 x 101<3> cm-3 
(5). Hot implants are, however, inconvenient from the practical 
perspective especially since one of the merits of the implantation 
technique, i.e., high production throughput, is not attained easily under 
such conditions. Therefore, the inability to fully-activate high-dose n- 
type implants has remained a problem. These observations indicate the 
desirability of developing a technique for annealing GaAs that can be 
used at high temperatures to increase the carrier concentration in order 
to achieve n^-layers, without producing deleterious side effects. For 
these reasons, we attempted to use Sn and Se ions implanted at room 
temperature in order to realise high peak carrier concentrations in GaAs. 
The results reported in this research suggest that simple rapid thermal 
annealing techniques (single and double-graphite strip heater, and 
incoherent light annealer) combined with reliable encapsulation methods 
(double-layer Sia!vU + evaporated AIN cap) have the potential for meeting 
these requirements.
However, full activation of a dose higher than 1 x lO1^ ions/cme is still 
not possible. To understand why this is so, a knowledge of the effects 
of point defects after the activation annealing process is necessary, 
together with thermodynamic and kinetic data of implanted species in 
GaAs. This is a relatively unexplored area of research. In an attempt 
to understand the incorporation and activation of Sn and Se implants in 
GaAs, the electrical properties measured from a dose of 1 x lO1^ cm-2 
implanted at 300 keV and room temperature, were studied as a function of 
annealing temperature and time. The analysis of the experimental data 
led to a simple thermodynamic model explaining the incorporation, 
activation and diffusion of Sn and Se atoms in GaAs.
1.2 Aims of the Project
The aim of the project has been to achieve n^-layers in ion-implanted 
GaAs with peak carrier concentrations as high as possible. In an attempt 
to achieve this, high-doses of Sn and Se implanted into GaAs at room 
temperature have been annealed at temperatures as high as possible using 
rapid thermal annealing techniques. To do so, an investigation of 
encapsulation techniques capable of withstanding the required high 
annealing temperatures with minimum interfacial stress, had to be made.
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Furthermore, in search for the most effective and accurate annealing 
method, temperature and time measurements on the rapid thermal annealing 
techniques, revealed temperature discrepancies and therefore the double 
graphite strip heater was developed to provide more accurate, reliable, 
and reproducible temperature and time measurements.
In the process of conducting the research, a preliminary study of the 
annealing kinetics of 1 x 101* Se+/cms implants into GaAs has been 
undertaken. This, together with the improvements to the processing 
techniques mentioned above, has led to a detailed study of a dose of 1 x 
lO1^ cm“s of Sn implanted into GaAs. Consequently, the development of a 
simple thermodynamic theory explaining these experimental results 
together with a model for the incorporation mechanism of Sn and Se atoms 
into GaAs, has also become an important research objective.
1.3 Scope of the Thesis
This thesis is structured in such a way as to reflect the sequential 
order by which the research has proceeded. Invariably, as with most 
research work, it begins with a review of literature in order to gain 
insights into progress made as well as problems encountered in the field 
under study - in this particular case, the development of GaAs technology 
and GaAs doping using ion-implantation (including the related subjects of 
encapsulation and annealing). This literature survey is presented in 
Chapter 2 (and also briefly mentioned in this Introductory Chapter). 
Chapter 3 then describes the experimental and assessment techniques used 
in the research work, discussing both their theoretical and procedural 
aspects. In respect to the latter, account is also made of modifications 
done to some existing methods in order to realise the aims of the 
research work. Chapter 4 presents a summary of numerous experimental 
data generated during the research period, focusing in particular on key 
areas where important results have been obtained. Chapter 5 provides a 
discussion of important points raised in Chapter ^ and presents the 
thermodynamic theory developed to explain the dependance of the 
electrical properties on annealing temperature and time. Finally, 
Chapter 6 presents a summary/conclusion of the work and gives some 
suggestions for future work.
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CHAPTER 5
LITERATURE SURVEY
S.l. Introduction
There is a great deal of information published on ion implantation and 
annealing of GaAs, all of which cannot be reviewed in this chapter. 
However, the practical aspects of ion implantation (ranges, profiles, 
channelling, damage and stoichiometry), as well as annealing techniques 
(capped and capless, furnace and transient annealing methods) used for 
the activation of GaAs are briefly mentioned in order to clarify some of 
the problems and probable solutions thereto, encountered in respect to 
GaAs processing. In addition, information on the electrical activation 
and carrier concentrations observed for most donor and acceptor implants 
are reviewed. Considerable attention to details and problems involved in 
achieving the objectives of ion implantation in GaAs is needed and these 
will be discussed in this chapter.
E.E. GaAs as a Semiconductor Material 
E.S.l Importance of GaAs
The potential of GaAs comes from its intrinsic electrical properties. 
For instance, its high temperature performance due to a wide band gap of 
about 1.43 eV at room temperature (6), and its electron mobility, have 
made it a very important III—V compound semiconductor. The speed of 
operation of devices depends on the mobility and drift velocity of the 
charge carriers. Thus, with a high electron mobility of about 10000 
cme/Vs and a maximum velocity of 2 x lCPcm/s (7) in pure material at room 
temperature, GaAs is becoming the preferred material for use in 
high-speed ICs based on Schottky-barrier FET(MESFET) technology.
After Si, the most important semiconductor is GaAs which has a direct 
band gap that makes it a very interesting semiconductor material and a 
good candidate for solar energy conversion because the spectral 
sensitivity of its photovoltaic properties closely matches the solar
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spectrum. Furthermore, in such a direct band gap, recombination can 
occur without a change in momentum and most of the energy appears as a 
photon with a wavelength, X, dependent on the band gap energy, E0, given 
by
1.24X <Hm) =   (eV) (2.1)
E«
The high velocity of electrons at high electric fields and the transfer 
of electrons between minima in the conduction band, make GaAs a very 
interesting semiconductor material for microwave devices such as the Gunn 
device. Besides its intrinsic properties, GaAs can be grown as a semi- 
insulating material with high resistivity (ajaout 10s ft.cm) (8). This
property is very useful inasmuch as it easily enables the electrical
/
isolation of circuits to be achieved. Additionally, the stray 
capacitance of the circuits can be very small.
Several growth techniques for bulk GaAs material have been developed and , 
the important technique for GaAs substrates is the liquid encapsulated 
Czochralski method (LEC), which produces round 2" or 3" diameter 
crystals. Undoped GaAs material is semi-insulating and is used widely as 
a substrate for epitaxy or direct ion implantation. In terms of
electrical properties, the best semi- insulating material exhibited a 
mobility of about 7000 cme/Vs at room temperature (9).
2.2.2 Material Characterisation Technique
High resistivity GaAs has been the goal of a great amount of research.
However, most experience has been accumulated with commercially available 
Cr-doped semi-insulating substrates with high resistivity, [> > lO'7 ft.cm. 
The Cr is added to the melt in concentrations between 2xl01& and ExlO17 
cm”3 to act as a deep acceptor in GaAs and compensates the residual
donor(9). However, in recent years undoped material has become available 
and this is the commonly used material nowadays.
Thermal conversion of the surface layer of GaAs from semi- insulating to 
a conducting, state as a result of heat treatment is still a problem 
(8,10). Furthermore, the characteristics of the conducting layer have 
been found to depend on the particular technique used for the annealing 
process. It has been shown that when anneals are carried out in vacuum 
or in a He ambient without the use of a cap, the converted layer is
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generally p-type (11). On the other hand* an n-type layer is observed 
when a cap of Si3N*> is used. The conversion of the semi-insulating GaAs 
material, could’ be due to the loss of Ga and As and/or the presence of 
impurities in GaAs. It has been proposed that loss of Ga and As from 
GaAs leads to a shallow n-layer due to As vacancies (V«»), and a deeper 
p-layer due to the more mobile Ga vacancies (Va«J . In both type 
conversion processes the peak carrier concentration is generally below 
lxlO17 cm”"3 . Therefore some techniques of selecting semi-insulating GaAs 
as a substrate for epitaxial growth or for direct implantation had to be 
developed. The starting material should meet the following requirements:
1). It should be thermally stable, i.e., high resistivity must be
maintained after any thermal treatment or epitaxial growth.
2)., There should be no degradation of the active layer properties 
during thermal annealing.
3). The material should have the lowest possible density of 
defects (e.g., dislocations, stacking faults, precipitates).
Initially, the difficulty in achieving these requirements in bulk 
material led to the use of high-resistivity epitaxial layers on 
semi-insulating substrates. At present however, high resistivity undoped 
semi-insulating GaAs is widely used so that problems relating to Cr-doped 
semi-insulating materials are avoided.
5.2.3 Qualification Test
To fulfil the need for accurately controlled implanted layer 
characteristics, selection tests for the GaAs substrate material are used 
to eliminate poor quality material. These qualifying tests involve 
subjecting the material to a variety of processes which include: a)
performing a low-dose donor implant (typical channel implant) followed by 
generally capped annealing and measurement of the implant profile; and, 
b) annealing the capped material without implantation and testing for 
surface conversion. The typical annealing temperature is 850°C for an 
annealing time of 20 minutes. Experience has shown that good substrate 
materials exhibit good reproducibility of implantation results and 
material which has not been implanted remains semi-insulating.
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2.3. Ion Implantation
2.3.1 Introduction
Ion implantation is an established method for doping semiconductors and 
is used commercially along with epitaxy and diffusion. It has been 
widely applied to the fabrication of GaAs FETs and integrated circuits. 
General aspects of ion implantation have been well covered in the 
literature (12-15). The motivation for the application of ion 
implantation to GaAs lies in the ability to control the thickness and 
doping level of implanted layers by varying the energy and dose of the 
implanted ions and in the good uniformity and reproducibility of doped 
layers which cannot be reproducibly fabricated by means of alternative 
methods (e.g.j diffusion). Besides the reproducibility and uniformity of 
doped layers which can be achieved by ion implantation, high lateral 
definitionj with minimum lateral spread can be achieved using 
conventional lithographic masking techniques. The main advantages of ion 
implantation over diffusion and epitaxial growth are:- a) improved 
uniformity and reproducibility, b) the ability to perform selective area 
implants and c) potential low cost per wafer for high volume 
applications. Furthermore, for a compound semiconductor such as GaAs, 
where dissociation at high temperatures (~ 650°C) can happen, ion
implantation is the ideal method of introducing dopant atoms in the 
material.
2.3.2 Physics of Ion Implantation
Ion implantation is the direct injection of fast moving positively 
charged ions of a required atomic species into a substrate. The ions are 
produced in a source held at a high DC voltage. The ions are then 
extracted through an aperture held at negative DC voltage. After 
acceleration, the ions are mass analysed and the required ion species is 
selected and accelerated to the substrate target held at ground 
potential.
When an energetic ion enters a solid, it loses energy by interactions 
with the nuclei and the electrons of the target and finally comes to rest 
at a depth which is a function of the ion energy and the mass and atomic 
number of both ion and target atoms. Lindhard et. al. (LSS) (16) , have 
predicted a Gaussian shape for the distribution of implanted impurities 
into an amorphous target. The Gaussian distribution of impurities may be 
described by the most probable range normal to the surface - called the
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projected range* Rp , and a standard deviation* A R P . One can write:-
N(x)
J"2tt A R P
1 C(x - Rp )3
exp ( - - C---------]
E  [< A R p  )3
<a.a)
where* x is the perpendicular depth into the substrate and N0 is the ion 
dose.
Many calculations and measurements of Rp and A R P have been made (LSS 
(16), Gibbons (17), Ziegler (18), PRAL (19)). For a given ion and 
energy, it is thus fairly simple to predict the distribution of implanted 
impurities. Unfortunately, for crystalline targets, processes such as 
radiation enhanced diffusion or channelling, result in the profile 
developing a deep tail. Real profiles however, are often better 
described by mathematical functions such as the joined half-Gaussian 
(with three adjustable parameters) or the Pearson IV distribution (with 
four adjustable parameters) rather than the simple LSS Gaussian 
distribution (with two adjustable parameters).
Ion implantation into crystalline targets results in the displacement of 
many of the target atoms as the fast ions come to rest. This damage 
depends on the ion mass, ion energy, implantation temperature and number 
of ions received. Thus, more damage is created by heavier atoms. 
Furthermore, the channelling effect (IS, 20-22) can be a problem when the 
ions are implanted parallel to a major axis or a plane, but for most 
implants into crystalline targets, axial channelling is minimised by 
tilting the target crystal axis by about 7° from the beam axis.
Because of the damage introduced during ion implantation, an annealing 
stage is required in order to restore crystal perfection. There are 
several annealing techniques for removing the damage and activating the 
implanted impurities but these will be discussed elsewhere in this 
chapter. A further processing problem which requires a solution is that, 
compound semiconductors like GaAs dissociate during the annealing 
process. This issue as well as several techniques developed to address 
the matter, are reviewed in the next section.
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2.4 Doping Gafts bv Ion Implantation
There are several review papers (23-39) reporting on results of detailed 
investigations into doping GaAs and solving related problems. As 
mentioned above, a post-implantation annealing process is required and 
with GaAs, the surface decomposition must be prevented. In the following 
sections, a summary of encapsulation and annealing techniques are 
presented along with results of annealing ion implanted GaAs.
2.4.1 Prevention of GaAs Surface Dissociation
a) Encapsulation
Several methods of preventing the decomposition of GaAs during annealing 
have been investigated, such as the use of a controlled atmosphere 
(arsine gas), proximity annealing and encapsulation. An ideal 
encapsulant material should possess the following characteristics. It 
should easily be deposited at relatively low temperatures as a uniform, 
pinhole-free dielectric film. It should withstand the desired annealing 
temperature, prevent decomposition of the GaAs surface, and prevent the 
outdiffusion of the constituents of the sample and any dopant species. 
It should also prevent any diffusion of its constituents into the GaAs 
and stop any redistribution of Cr in Cr-doped substrates. It should also 
have a thermal expansion coefficient matching that of GaAs to avoid 
strain at the GaAs/cap interface and have excellent adhesion 
characteristics and yet be easily removed after annealing. Finally, 
electrical activity should be easily achievable when annealing the most 
common dopants in GaAs using such an encapsulant. Many dielectric films 
have been used as encapsulants (40-71) for GaAs. These include CVD, 
plasma and plasma-enhanced CVD (40-46), and sputtered Si3Ni» (47-51); CVD, 
sputtered and plasma-deposited SiOe (52-56); SiO>,Ny (46,57,58); Si (59); 
evaporated aluminium (60); sputtered AIN and A10,<Ny (61-63); evaporated 
AIN (64,65); and various combinations of these (66-71).
The first successful encapsulant reported for protecting GaAs surfaces 
was SiOa (52). It is easily deposited by sputtering, or by chemical 
vapour deposition (CVD). However, it was found from Auger analysis that 
gallium and arsenic outdiffused into the SiOs (55,40), and that Si from 
the SiOa indiffused into the GaAs at annealing temperatures above 800°C 
(37). As a result, the GaAs surface decomposed and degraded, 
considerably affecting the doping efficiency. These problems were also
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seen with Si3N^ (40) and SiO«Nv (55) caps; however* low-oxygen content 
SiaN* can alleviate the Ga outdiffusion problem as well as retard As 
outdiffusion and oxygen indiffusion. These factors have made Si3N* the 
most widely used cap,.
»
Silicon nitride can be deposited by different methods and its quality as 
a cap depends strongly on the particular method used. Therefore* results 
with Si3l\U caps have shown a strong dependance on both the method used to 
deposit the cap and the particular deposition parameters used. It is 
easily deposited by sputtering, reactive sputtering, plasma enhanced CVD, 
or so-called "fast" CVD (44,45,51). It has been observed that selenium- 
implanted GaAs yields better results when annealed with a CVD Si3N*. cap 
than when annealed with a sputtered Si3N* cap. For all types of Si3l\U, 
oxygen distribution (12,42,44) through the cap is found to be responsible 
for the outdiffusion of Ga and As. Furthermore, surface strain at the 
interface of the GaAs and encapsulant is becoming a major problem when
high temperatures are required because of the difference in expansion
coefficients between GaAs and Si3N*. The thermal expansion mismatch 
results in thermal stress which has a significant effect on dopant 
diffusion and activation.
Aluminium has been found suitable for the passivation of GaAs surfaces 
(60) during annealing at temperatures up to 750°C. Since aluminium melts 
at 660°C, the problems of adhesion and cracking associated with other 
caps are avoided in this case. However, the indiffusion of aluminium 
may occur when temperatures higher than 750c,C are used.
Recently, several papers (50,62-64) reported the success of AIN as an 
encapsulant for GaAs, especially at high annealing temperatures. It has 
been deposited by both reactive sputtering and reactive evaporation, and 
such films appear to be effective strain-free encapsulants to at least
1000°C. AIN inhibits Ga and As outdiffusion and adheres to the GaAs
surface better than many Si3N«. layers. The results obtained using AIN 
caps reflect the fact that the thermal expansion coefficient of AIN, 6.3 
x 10“* deg-1, is very close to that of GaAs, 6.9 x 10“* deg” 1, and 
therefore interfacial stress (72) can be minimized when compared with 
Si3N^ caps with thermal expansion coefficient of 3.2 x 10”* deg"1. Eisen 
et. al. (50), reported that r.f. sputtered oxygen-rich AIN was a suitable 
encapsulant with good adherence to GaAs. Okamura et. al. (63) have 
studied sputtered low-oxygen content AIN and reported its superiority
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over SiOa for n-layer annealing. In this case, the atomic arid electrical 
profiles (Fig. 2.1) had no tail with less Cr re-distribution as measured 
by SIMS compared to those obtained using a SiOa cap. The AIN caps 
withstood temperatures of up to 1000°C with no peeling or cracks. 
Bensalem et. al. (64,65,70,71) used reactively evaporated AIN films to 
produce n^-layers with good mobilities for 5 x 101** ions/cma of Sn'*' and 
Se'*'. The sheet resistivities were 40 0/0 and 80 0/0 for Sn'*' and Se'*', 
respectively. The anneal was performed on a graphite strip heater at 
1000°C. Further details of the deposition method and results will be 
presented in Chapter 4 of this thesis.
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Figure 2.1: Carrier profiles obtained by AlN-capped annealing
(solid line) and SiOa-capped annealing (dashed line) of Si
implanted in GaAs at 150 kev to a dose of 2.4 x 10ia cm“s , followed
by annealing at 850°C for 20 mn. (Ref. 63).
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Double-layered encapsulants (66,67,69,70,73,74) have been used to anneal 
ion-implanted GaAs to high temperatures in order to get high carrier 
concentrations. Lidow et. al. (68) used a Si3|\U/Si0a combination where 
1000 A of plasma-deposited SiaN*. was covered with 3000 A of CVD Si0s 
doped with arsenic. The authors annealed GaAs samples at temperatures up 
to 1100°C with no sign of pitting or surface deterioration. Chapman et. 
al. (73) also used a system consisting of 4000 A pyrolytic SiOa on top of 
1000 A plasma deposited Si3|\U, to anneal a dose of 1013 Se+/cma (400 keV)
at a temperature of 1140°C for 10 seconds. Using a graphite strip
heater, the sheet resistivity was 25 0/n and the sheet carrier
concentration was 1.8 x lO1^ cm~e . A double-layer encapsulant (69,70) 
consisting of about 300 A of CVD Si3N** covered with a 600 A of evaporated 
AIN has been used to anneal a high dose of Sn^ and Se-* (1 x lO13 cm~e ) 
implanted into GaAs at temperatures up to 1100°C. The lowest 
resistivities obtained were 28 ft/Q and 37 Q/D for Sn and Se,
respectively. A graphite strip heater was used, and the carrier 
concentrations were in excess of 1 x 1019 cm"3.
b) Capless Annealing
Several papers have been published reporting attempts at annealing 
implanted GaAs without a protective coating (74-85). Proximity (84,85) 
annealing is a method in which two samples are placed face to face during 
heat treatment. In this case, the partial pressure of arsenic evolved 
from the samples and contained in the small volume between them is
sufficient to stop gross decomposition. Similarly, another passivation 
technique suitable for GaAs at temperatures as high as 900°C is that of 
annealing in an arsenic vapour ovei— pressure sufficiently great to 
prevent evaporation of arsenic (63-66). Such a technique does not 
require the samples to be placed face to face. However, in the 
controlled atmosphere technique, variations in the arsenic overpressure 
do not only cause surface degradation but may also alter the activation 
of implanted ions (77). In the proximity annealing method, separation of 
the two wafers after annealing can be a problem.
A further development in annealing GaAs without a cap is the use of 
pulsed laser or scanned cw laser beams and electron beams to anneal 
implanted material. However, the published results are far from being 
satisfactory.
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c) Summary of Surface Protection Methods
Although various encapsulation methods have been reported as successful 
for annealing ion implanted GaAs, each of these caps presents a 
limitation on the anneal temperature. Thus, SiOs caps are rarely used 
successfully above about 850°C, whilst capless anneals are usually 
limited to about 900°C. Both Si3N^ and AIN caps appear to be usable to 
at least 1000°C, and possibly 1100°C with special precautions and/or 
composite caps. With these limitations, transient anneals, that is, 
short times at high temperatures, appear to be very attractive techniques 
for annealing GaAs. Table 2.1 summarises the different techniques used 
to prevent the dissociation of GaAs surfaces and the problems and the 
maximum useful temperature involved with each annealing technique.
CAP/
METHOD
DEPOSITION
METHOD
P R O B L E M S MAX. USEFUL 
TEMPERATURE
ENCAPSULATION SiOa CVD (Silox) 
Sputtered
Ga Outdiffusion 
As Outdiffusion
750°C
S iaN*. CVD
Plasma
Sputtered
Strain 
Pinholes 
B1isters
900-950°C
SiOKNy CVD 1050°C
Al Evaporation 700-750°C
AIN Sputtered
Evaporated
1000-1050°C
1000-1050°C
A10„Ny Sputtered 900 c’C
COMBINATION CVD SiO 
CVD Sia
a/Plasma SiaN*. 
N^/Evap. AIN
llOO^C 
1140°C 
1150°C
CAPLESS
ANNEALING
AsHa Flow ) 
Graphite + GaAs ) 
Melt + GaAs ) 
Proximity )
p(As) Variations 
No Strain
900° C
PULSE
ANNEALING
Laser
Electron Beam
Surface Evaporati 
Uniformity 
Non-equi1ibrium 
Solution
on —
Table 2.1: Comparison of various encapsulation methods showing
the problems associated with them and their maximum useful 
temperatures.
2.4.S Annealing Techniques and Doping Results
There are many ways of removing damage caused by ion implantation. 
However, the important variables in these various methods of annealing
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are the same and consist of the temperature and the time of anneal, the 
rate of change of substrate temperature, the nature of the environment at 
the surface of the sample and the means by which the sample is heated. 
The major technique used to anneal implanted GaAs is in a furnace. In 
this case the annealing time is generally between 10 and 30 minutes.
However, a new class of methods, transient annealing, has become popular
in recent years which may be of great importance in the future. Thus the
techniques used to anneal GaAs include the following:
a) Furnace Annealing
b) Transient Annealing
- Graphite Strip Heater (GSH)
- Electron Beam Annealer (EBA)
- Incoherent Light Annealer (ILA)
- Laser Beam Annealer
The use of these techniques will be discussed in the following 
paragraphs.
a) Furnace Annealing
The effects of a variety of ions in GaAs have been studied and reviewed 
in several papers (23-39, 86) including the donors S, Se, Te, Si, Ge, Sn 
and the acceptors Be, Mg, Zn and Cd. In addition, non-dopant ions such as 
H and □ have been used to create high resistivity layers (87). In 
general, to recover the lattice order and to enable the dopant atoms to 
find substitutional sites where they are electrically active, implanted 
GaAs would need to be heated to temperatures in the range 800 to 950°C 
for times of 15 to 30 minutes.
Standard furnace annealing can give good electrical properties either 
with a suitable encapsulant or an acceptable atmosphere. If ion 
implantation is performed into GaAs above 150c*C, then doses of 1 x 1013 
cm~s or less of most donor ions will produce electrical activities of at 
least 70*/. following an anneal at about 900°C for 15-20 minutes. For hot 
implants of doses of about 1 x 101** cm"2 , the degree of activation is 
lower than for low doses but peak electron concentrations of about 2-A x 
10le cm”3 are generally obtained. In general, acceptor ion implants
annealed at 900°C can give rise to an electrical activity of about 100*/.
for doses less than about 1 x 10l,Ct cm"2 . Doses of around 1 x 10ls cm~a
can also produce a high degree of activation with hole concentrations of 
the order 2 x 101V cm-3. However, Anderson (86) lists three principal
shortcomings of encapsulated thermal annealing:- the need to control the
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encapsulant characteristics very closely; recently discovered effects of 
encapsulants on the redistribution of deep level impurities; and the 
inability to achieve carrier concentrations high enough to permit 
fabrication of non-alloyed ohmic contacts. Because of these 
shortcomings, transient annealing methods have been developed. It has 
long been known that the electrical activation of implanted dopants is a 
fast process (88) so that short annealing cycles could be used with 
consequently low diffusion of dopants and less strain on encapsulants.
In the rest of this section, a brief summary of transient annealing 
techniques used to activate implanted species in GaAs is presented. The 
emphasis will be mainly on the electrical properties of the annealed 
layers.
b) Transient Annealing
Transient annealing is carried out using a variety of energy sources 
ranging from arc lamps (79-81,88,92,93) and resistance heaters 
(64,71,82,84,89) with heating times of the order of ten seconds, to laser 
and electron beams (31,79,81) with heating times of a few milliseconds 
down to nanoseconds. The isothermal process however, exploits all the 
advantages of line and area energy sources while at the same time 
minimizing thermal gradients. This process involves heat treatment for 
times of the order 1 to 100 seconds.
In the following sections, a brief discussion of the important transient 
annealing methods (33-35,39,94) will be presented. The use of lasers 
will not be included because these have had only limited success in 
annealing ion-implanted GaAs.
i) Graphite Strip Heatert (GSH)
As mentioned earlier, there are many ways of removing damage caused by 
ion implantation, but it may not be necessary to hold the temperature at 
the peak value for long times in order to achieve the required electrical 
characteristics. Thus, it has been shown that when annealing implanted 
GaAs at a given temperature, the percentage of ions becoming electrically 
active increases with increasing annealing time up to a maximum 
(88,95,96). The time taken to reach this maximum value of electrical 
activity decreases as the annealing temperature increases (95,96). The 
early work on thermal pulse annealing used a graphite strip heater to 
demonstrate that times of less than 30 seconds were sufficient to
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activate donor implants when annealed at temperatures of 900°C to 1000°C. 
Results on transient annealing (or rapid thermal annealing* as it is 
commonly called nowadays) of GaAs are discussed in several review papers 
(87,32,35,36,39).
Thermal pulse annealing was first reported by Surridge et. al. (88) using 
a furnace method to bring the sample to high temperature by inserting the 
sample placed on a low mass sample holder into a furnace held at 1000°C. 
The sample was withdrawn from the furnace when the temperature reached 
900°C or 950°C in 24 seconds. This produced results comparable to that 
of conventional furnace treatment for annealing times of 15 minutes. 
Many papers since then report the use of graphite strip heaters 
(73,81,82) for annealing implanted GaAs. An electrical activity of 86*/. 
reported by Sealy et. al. (82) was the first successful result measured 
from a room temperature implant of 5 x 10la Se^/cm*2 into GaAs annealed at 
1000°C for 20 seconds. A corresponding mobility of 4000-5000 cma/Vs was 
also reported. Chapman et. al. (73) reported an interesting result from 
1 x 1013 Se^/cm^ implanted into GaAs at 300c*C, followed by an anneal at 
1140°C for 10 seconds using a Si3N^ cap. An activity as high as 18'/. and 
a corresponding resistivity of 25 0/D were obtained.
Excellent results have been reported for both low and high dose implants 
(69,70,73,77). However, there is a problem of ensuring good thermal 
contact between the sample and the graphite strip heater. Consequently, 
the actual sample temperature is not known accurately because in most 
cases the temperature is simply measured by contacting a thermocouple to 
the graphite strip. This problem is alleviated when using a dual 
graphite strip heater (71) to give more reproducible results. (See 
Section 4.3).
ii) Electron Beam Annealing
This technique was first introduced in 1981 by Shah (97), who annealed a 
dose of 6 x 10ia Si’Vcm*2 (160 keV) without a cap and measured an activity 
of 50-60*/. with a corresponding mobility of 3800 cma/Vs. The implant was 
performed at room temperature. Because of the high power densities 
required, it was found necessary in subsequent work to encapsulate Se-
(69,98,99) and Zn- (100) implanted GaAs to obtain high carrier 
concentrations. This technique however, is not easy to control and good 
reproducibility is difficult to achieve. It is thus used very little 
these days to anneal ion-implanted GaAs.
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iii) Incoherent Light Annealing (ILA)
Incoherent light annealing was first introduced in 19B1 by Arai et. al.
(101) to anneal low doses of silicon implants in GaAs. Following this 
work, a great number of papers were published illustrating the popularity 
of ILA as a transient annealing .technique for ion implanted GaAs. The 
method, which is based on direct radiant heating of a wafer using 
quartz-halogen lamps, has produced excellent results reported for both 
high and low dose implants into GaAs (34,70,81,101,103,117-120). Sealy 
et. al. in their review paper (36) showed the importance of transient 
annealing techniques for annealing GaAs. The development and the 
importance of this technique can be appreciated from the great number of 
publications over the past 10 years, (see Figure 2.2)
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Figure 2.2: Number of papers published per annum on transient
annealing of III-V compounds (excluding reviews). ClLA-Incoherent 
Light Annealer: GSH-Graphite Strip Heater: and , EBA-Electron Beam 
Annealer] (Ref. 36).
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iv) Summary of Transient Annealing Methods
From a commercial point of view, annealing apparatus must be capable of 
processing complete wafers and activating high and low dose implants to 
give good mobilities and profiles without degrading the wafer surface. 
Neither pulsed e-beam nor laser techniques can meet these requirements. 
The remaining transient annealing methods (multiply scanned e-beam (EBA), 
graphite strip heater and incoherent light) appear to be essentially 
equivalent in performance as shown by our recent comparative study (69). 
The EBA however, has to be performed under high vacuum conditions and 
this could present practical problems. It is also difficult to control 
to get reproducible properties. The GSH and ILA are very simple in 
concept and can be run at atmospheric pressure and can be easily scaled 
up to commercial processing.
2.4.3 Donor and Acceptor Species in GaAs
Because of the great amount of information available on dopant ions in 
GaAs, this section will be restricted to a brief summary of the most 
popular ion species.
a) Donor Species
Implantation of n-type dopants in GaAs has received more attention than 
the implantation of p-type dopants. One reason for this is that the 
electron mobility is very high in GaAs (much higher than the hole 
mobility) so that the active regions of high speed devices must be doped 
n-type. Also, it has been proven to be more difficult to obtain high 
electron concentrations by ion implantation than it is to achieve high 
hole concentrations. Whilst a great deal of effort has been devoted to 
obtaining high electrical activity of donor ion implants, it is only 
recently with the development of reliable encapsulants (67,70,73) that 
high peak concentrations of the order 1 x 101S> cm"3 have been achieved 
following anneals at temperatures as high as 1100°C (69,70). These
results will be presented in detail in Chapter 4.
The principal n-type dopants which have been investigated are: sulphur,
silicon, selenium, tin and tellerium. Among these dopants, only silicon, 
selenium and tin are reviewed below.
i) Silicon Implants
Silicon is probably the most thoroughly investigated dopant for low dose 
applications. The main result from furnace-annealed Si-(l) implanted GaAs
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Figure 2.3: a) Summary of published data for Si in GaAs in the
form of maximum sheet carrier concentration as a function of dose. 
Annealing conditions are 0-5 seconds at Topt > 900°C. Topt
represents optimum temperature. (Ref. 36); b) Comparison of sheet 
electron concentration versus ion dose for 120 keV Si'*' and 400 keV 
Se-*- implanted in GaAs at room temperature and annealed at 900°C/20 
seconds on a graphite strip heater (Ref. 36).
is that the profile is essentially Gaussian in shape and that no
significant diffusion occurs during annealing up to 920°C with activities 
in the range of 60-100*/. for low doses. Rapid thermal annealing can 
produce somewhat better results (46,76,81,92,94,97,101,119,121) than 
those produced by furnace annealing. Doses less than 5 x 1013 cm_s have 
been fully activated by anneals at 950°C for a time of the order 5
seconds (see Fig. 2.3). High dose Si implants have been investigated by
several authors (94,119) and found to give the best activities only at
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temperatures as high as 1050°C and more. High carrier concentrations of 
about 7.5 x 10ie cm”3 have been reported for rapid thermal annealing at 
1100°C (94). Howeveri other workers (1,122,123) have found that there is 
an optimum annealing temperature of about 900°C and a practical limit of 
2 x 101B cm“3 in carrier concentration probably due to the onset of 
amphoteric doping at high temperatures. These results highlight a problem 
with Si implants in GaAs in that the optimum annealing conditions are 
different for low and high doses. Additionally, although the diffusion 
coefficient of implanted Si is normally small, it can be affected by cap 
composition, strain, arsenic overpressure or implant dose (72,124).
ii) Selenium Implants
Selenium has also been extensively investigated particularly at high 
doses, but in general, to a lesser extent compared to Si implants. The 
results obtained from furnace annealing are summarised in reference (1). 
The conclusion in this case is that the profiles have tails due to 
radiation-enhanced diffusion during the implantation process itself. No 
significant diffusion occurs during the annealing process and the 
activation depends only on atomic concentration and annealing 
temperature. Transient annealing of low doses of Se at room temperature 
however, can be activated using similar conditions to those used for Si 
implants. A comparison of thermal pulse annealed Se and Si implants
(102) has shown that Se is at least as good as Si, especially for doses 
below 101'* cm~E .
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High doses of Se, however require very high annealing temperatures to 
produce a large percentage electrical activity. As mentioned earlier, 
Chapman et. al., (73) showed that an activity of 18*/. and a sheet
resistivity of 25 Q./U can be achieved for a hot implant (300°C) of 1 x
10155 SeVcm3 , graphite strip heatei— annealed at 1140c,C for 10 seconds. 
Furthermore, sheet resistivities of 37 0/D and 22 0/p have been measured 
by us for room temperature and hot (200°C) implants, respectively 
(69,103). Carrier concentrations obtained following a transient anneal 
at 1050°C were greater than 1 x 1019 cm-3 (Figure 2.4).
In contrast to Si, Se is not amphoteric, therefore, it should be possible 
to activate both low and high doses without the onset of amphoteric 
doping problems at high temperatures. This is demonstrated in the 
experimental results of this thesis.
iii) Tin Implants
Tin implants have not been studied that much and apart from the work
presented in this thesis (65,69,70,95,96) as well as a small amount of 
work done previously in this Department (88,104-106), only two other 
publications (107,108) have reported the use of Sn'*" ions to dope GaAs. 
This is probably due to the fact that it is fairly easy to electrically 
activate room temperature light mass implants which provide a useful
range of implant conditions absent in the case of heavy ions. 
Additionally, most available implanters present a limit of 200 keV, 
making the available ranges of heavy atoms small. Because most of the 
published data on tin implants are the author's own work, thorough 
discussion will be deferred until Chapters 5 and 6.
iv) Other Donor Implants
Sulphur and tellerium have also been investigated but to a much lesser 
extent than silicon and selenium. Sulphur implants suffer from both in- 
and outdiffusion (81); thus, significant broadening of the profiles were 
measured with a maximum peak electron concentration of 5-6 x 10ie cm"3 
following a 2 second anneal at 1000°C. However, the use of rapid thermal 
annealing significantly reduces the diffusion effect and hence, better 
control may be possible.
b) Acceptor Species
Be, Mg, Zn and Cd all have been investigated and found to give p-type 
activities in GaAs. The striking difference between acceptor and donor
22
implants in GaAs is the ease with which the former become electrically 
active compared with the latter dopant species. Thus, it is possible to 
achieve hole concentrations of about 101V cm-3 from a sample implanted at 
room temperature, by annealing it at temperatures as low as 700°C. Such 
high electron concentrations can be obtained from all four of the 
important acceptor ions - Cd, Zn, Mg and Be - without the need to implant 
into a hot substrate. In general therefore, a conventional anneal in a 
furnace at about 900°C can give rise to electrical activities of about 
100*/. for doses less than about 1 x 101<£f cm-3. These are normally
independent of the substrate temperature. However, the substrate
temperature, the peak atomic concentration and the annealing temperature 
all affect the amount of broadening of the atomic, and hence, the 
electrical profiles. This is largely due to the indiffusion of the 
implanted species. For example, for a given annealing temperature, the 
profile for a high dose zinc implanted sample will be deeper if the
implant were performed at 200°C rather than at room temperature. Also, 
for samples implanted with 1 x 101S Zn'Vcm3 at room temperature, the 
indiffusion of Zn when the annealing temperature is raised above 800°C, 
results in the electrical profiles becoming very broad. For doses less 
than 1 x lO1^ ions/cma, however, there is little diffusion during 
annealing.
Peak hole concentrations of 2 x 101V cm”'3 , corresponding to 80-90*/.
activity (109) were measured following a GSH-anneal at 900°C for 20
seconds with a Si3Ni» cap. Despite the short annealing time, significant 
diffusion occurred during the annealing process. However, it is possible 
to limit the diffusion by annealing for shorter times (about one second) 
or by implanting arsenic with zinc or arsenic with magnesium.
c) Dual Implants
Dual implants in GaAs have been performed in order to enhance activity 
(110-112). The idea is based on the doping mechanisms of GaAs (113), 
which suggest that the number of impurities activated after annealing 
would increase if the stoichiometry of the substrate lattice is 
maintained during implantation. In other words, if an impurity of Group 
VI is implanted in GaAs, it would occupy an As site to become active; 
therefore, the number of Ga vacancies increases. Thus, the addition of 
an equal number of Ga atoms would maintain the overall lattice 
stoichiometry.
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Several combinations of dual implants have been studied 
(107,110-112,114,115), among these being (Se + Ga) (111), (Ga + Se) and 
(Se + Sn) (110), which have led to an increase in the peak electron 
concentration. Despite the fact that some dual implants were successful 
in increasing the percentage activity, the dual ion implants tend to be 
less reproducible (107,110) than single ion implants. As mentioned 
above, dual implants with acceptor ions can be used to control the 
diffusion as well as to raise the peak hole concentration compared with 
single implants.
CHAPTER 3
EXPERIMENTAL TECHNIQUES
3.1 Introduction
This chapter describes the principal experimental and assessment 
techniques used in the research work. It is divided into six sections 
each relating the basic theoretical concepts underlying the technique 
followed by a discussion of the actual procedure adopted in the 
experiment. » The chapter follows the sequence of experimental steps from 
material characterisation? ion implantation? encapsulation? annealing? 
ohmic contact formation? up to measurements performed on the GaAs 
material.
3.2 Ion Implantation Procedure 
3-2.1 Material Specification
The material used for this work was mostly semi-insulating undoped GaAs 
grown in the (100) direction by the liquid encapsulated Czochralski 
method. The semi-insulating GaAs had an initial resistivity of the 
order 10v O.cm and was polished on one side by the manufacturer (Metals 
Research Ltd? MR).
3.2.2 Material Characterisation and Selection
GaAs substrates are selected carefully before any implantation process. 
The selection procedure consists of subjecting the as-received material 
to a high temperature (700 - 900°C) anneal similar to the one used to 
activate implanted species and remove implant damage (see following 
sections). The satisfactory GaAs substrate would preserve its 
semi-insulating properties following the capped heat-treatment. Poor 
quality GaAs material is characterised by the formation of a conducting 
surface layer after the heat-treatment and hence the originally high 
resistivity (~ 2 MO.cm) may drop to a few kO.cm after a typical anneal of 
?00°C for 30 seconds.
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GaAs qualified in the above manner is used in this work to realise the 
aim of the project. However , unsatisfactory material is also used in 
comparative experiments to show the effect of its use on the electrical 
activity.
3.2.3 Ion Implantation Procedure
The ion implantation was performed on either complete wafers or parts of 
a wafer. In the latter instance, the wafer was sliced into a number of 
samples. All samples were boiled in methanol prior to implantation in 
order to obtain clean surfaces.
All samples were implanted using the 500 keV heavy ion accelerator of the 
University. Most of the implants were performed at an energy of 300 keV, 
with doses in the range 1 x 1013 - 2 x lO1^ cm“e . Other energies used 
for Se and Sn varied from 100 to 600 keV. The beam current was in the 
range of 0.1-0.5 HA/cma in all cases with a minimum implant time of 30 
seconds. Most of the implants were carried out at room temperaturfe
except for some tin ions implanted at 100°C and 200°C. The target
chamber vacuum was typically 10-* torr. The ion beam was aligned at
about 7° to the <100> surface normal to minimise channelling effects.
Two specimen holders were used to implant Sn and Se into GaAs substrates. 
The first was a sample holder which consisted of a carriage upon which up
to five pairs of samples were mounted. This was used when parts of a
wafer were to be implanted with different doses and energies. The
maximum size of these samples was about 12 x 12 mm. The pairs of samples
were implanted independently by mechanically moving the sample holder 
horizontally across the beam line. This sample holder is oriented at 7° 
to the beam axis and can be heated to about 300°C by a resistive heater. 
The samples were mounted on the sample holder ensuring both good
electrical and thermal contacts. A thermocouple mounted in the carriage 
permits the continuous monitoring of the sample temperature during hot 
implants. The second specimen holder was a carousel capable of holding 
up to 18 pairs of 2" wafers. This was used to implant whole wafers with 
Sn or Se at room temperature only. The GaAs wafers were fixed to the 
sample holders which were mounted on the carousel.
The size of the ion beam is determined by an earthed aperture plate 
mounted directly above the samples, and the emission of secondary 
electrons from the samples is limited by a suppressor plate which is
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maintained at 300 V with respect to the sample and located between the 
specimen and the aperture. The ion beam was controlled electrically by 
monitoring the current between the sample holder and earth. This current, 
due to the ion beam, was processed by direct display and integration of 
the beam current. The former enables the machine conditions to be set up 
prior to implantation of the samples. The beam current was monitored 
throughout the radiation of the samples in order to ensure that the 
implantation conditions did not alter. Current integration on the other 
hand, enables the dose to be determined. The signal from the current 
integrator was fed to a counter which displayed the total charge 
implanted into the samples. Once the total charge reached a predetermined 
quantity (corresponding to the dose required), the beam was automatically 
shut off from the sample by a pneumatically-operated valve. The ion beam 
is scanned in a raster by the application of a triangular waveform to 
orthogonal electrostatic deflection plates. The potential applied to the 
plates is varied according to the energy of the ions, and is sufficient 
to ensure that the ion beam overscanned the sample, (i.e., the area of 
scan is greater than the area of aperture).
3.3 Encapsulation Techniques
The outdiffusion of dopant atoms and the decomposition of GaAs were 
prevented by encapsulation after implantation. Initially, silicon 
nitride was used to encapsulate selenium-implanted GaAs for annealing 
temperatures of up to 900°C. However, to achieve the high carrier
concentration required in the formation of n+-layers, an encapsulant 
capable of withstanding higher temperatures (> 900°C) had to be
developed. For this purpose, evaporated AIN (64,65) was produced by a
novel method described later in this chapter. Another encapsulant, 
combining both silicon nitride and evaporated aluminium nitride was also 
used to anneal high-dose selenium- and tin-implanted GaAs (69-71). Some 
improvements to the existing apparatus have been made in order to
optimise the experimental parameters.
3.3.1 CVD Silicon Nitride (Si^)
The CVD SiaNi. apparatus is similar to the one designed initially by 
Donnelly (24) for depositing CVD Si3N* films. A schematic diagram of the 
system is shown in Figure 3.1, where a rectangular graphite strip 
(approximately, 16.0 x 5 x 0.1 cm) is heated by a current of about 30-100
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amperes in order to bring the system quickly to the required temperature. 
For instance, the graphite strip can be heated up to 635°C in about b 
seconds, thereafter, the temperature can be controlled to within few 
degrees. The apparatus also has a rotary pump and diffusion pump which 
allow the chamber to be pumped down to better than 10“* torr prior to the 
introduction of gases required for depositing SiaN* films. Some 
improvements to the system had to be made in order to decrease the rise 
time and improve the reproducibility of the deposited Siaf\U films. For 
instance, a new graphite strip geometry and a better method of measuring 
the temperature have been introduced. Results of the aforesaid 
improvements are presented in Chapter h (Experimental Results).
■IBS
Gas outletGas inlet
DP
To RP
Figure 3.1: Schematic diagram of the CVD SiaN* system.
CA-Graphite: B-Water Cooling: DP-Diffusion Pump; RP-Rotary Pump,
and V-Valvej.
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After implantation, the GaAs samples were coated with the pyrolytic 
silicon nitride according to the following procedure. The sample was 
loaded onto the graphite-strip heater near its centre. The chamber was 
pumped down to 10“^ torr and then flushed with nitrogen for five minutes 
which minimises the oxygen contamination in the deposited silicon nitride 
films. Silane (SiH^) and ammonia (NH3) gases were introduced into the 
chamber along with nitrogen. The flow rates of these gases together with 
the deposition temperature determined the deposition rate. After a 
steady state condition was established, the sample was heated to the 
growth temperature (635°C) in about five seconds. The growth time was 
defined by the thickness of the silicon nitride film that was required.
In the CVD method, silane and ammonia decompose at a high temperature 
within the chamber, depositing silicon nitride layers on the substrate 
according to the following chemical reaction (125):
3 S i + 4 NH3 ----— > SiaNit + IE Hs (3.1)
The reaction becomes significant for temperatures above 500°C. The 
typical thicknesses of the silicon nitride used are in the range 300 A to 
1500 A. This thickness was assessed from the colour of the film, using 
as reference, Table 3.1. The characterisation of the deposited Si3Nit 
films were determined using the RBS technique and the results are 
presented in Chapter 4.
Order Colour Si3hU Thickness Range 
<Hm)
Si 1 icon 0-0.020
Brown 0.020-0.040
Golden Brown 0.040-0.055
Red 0.055-0.073
Deep Blue 0.073-0.077
First Blue 0.077-0.093
Pale Blue 0.093-0.100
Very Pale Blue 0.100-0.110
Silicon 0.110-0.120
Light Yellow 0.120-0.130
Yellow 0.130-0.150
Orange-red 0.150-0.180
First Red 0.180-0.190
Dark Red 0.190-0.210
Second Blue 0.210-0.230
Blue-Green 0.230-0.250
Light-Green 0.250-0.280
Orange-Yellow 0.280-0.300
Second Red 0.300-0.330
Table 3. 1: Colour/Thickness Relationship
for CVD Si3N* (Ref. 125)
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After annealings the Si3N<+ cap was dissolved in HF in about two minutes. 
In order to obtain a clean surface suitable for alloying ohmic contactsj 
the samples were rinsed in distilled water and boiled in methanol.
3.3.2 Evaporated Aluminium Nitride (AIN)
In view of the need for an encapsulant which could withstand the high 
annealing temperatures (>950°C) required to activate high doses (> 1 x
lO1^ cm“e ), and considering the failure of Si3N^ encapsulants at such 
temperatures (71), alternative dielectric films were investigated. This 
section reports on the technique used in producing evaporated AIN. The 
characterisation of these filmsj howeverj is presented in Chapter
a) Description of the Apparatus
The experimental apparatus used for the deposition of AIN films is a 
simple metal evaporator with some modifications shown in Figure 3.2. It 
consists of a glass chamber where a vacuum of 10~6 torr can be realised
by means of a rotary and a diffusion pumping systems and a tungsten
filament heated by a 100 A power supply. Initially, ammonia (NH3) was
transported into the chamber by bubbling nitrogen through aqueous 
ammonia. Pure Al was melted and evaporated from a tungsten filament in 
the chamber held at a pressure of about 10-3 torr. The flow rate of the 
Na/NHa mixture was adjusted continuously to keep the pressure constant in 
the chamber which is continuously pumped. The evaporated Al reacted with 
ammonia to deposit AIN on substrates at room temperature.
Some modifications were made to the basic evaporator in order to achieve 
the deposition of AIN. For example, Ns and NH3 gas bottles were linked to 
the system via gas valves and flow meters, as indicated in Fig. 3.2. The
gas outlet to the diffusion pump was reduced in diameter in order to
minimise the escape of oil from the pumping system into the deposition 
chamber. This was also found useful in maintaining the chamber pressure 
constant during the deposition process. Furthermore, to improve the
quality and uniformity of the AIN film, it has been found useful to spray 
the gas mixture uniformly over the surface of the the specimens. At a 
later stage, pure NH3 gas was used instead of bubbling Ns through aqueous
NHa in order to improve the quality of the deposited film as shown in
Figure 3.2. The rate of Al evaporation and the distance between the 
substrate and the tungsten filament also had to be optimised in order to 
produce good-quality AIN. The outcome of such optimisations are 
discussed in length in the next sub-section.
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EToRP
To DP
NH
Figure 3.2: Schematic diagram of the apparatus used to deposit
evaporated AIN. CA-Gauge; B-Aqueous NH3; C-Flow Meter; D-Tungsten 
Filament; E-Shutter; F-Sample Holder; G-Gas Inlet; V-Valve; 
DP-Diffusion Pump; ana RP-Rotary Pump.
b) Procedure for the deposition of AIN
At the outset, it was thought that AIN could be deposited on substrates 
held at room temperature simply by evaporating aluminium into a nitrogen 
atmosphere. However, several attempts along this direction failed merely 
because nitrogen gas needed first to be dissociated and probably also 
because the substrate required heating to temperatures above room 
temperature (126). Consequently, another way of producing AIN was 
studied which involved the addition of aqueous NH3 into the chamber
atmosphere and the subsequent evaporation of Al. Such a method produced
various films of AIN described in the next section.
GaAs and vitreous carbon samples were cleaned in solvants as described 
above. Pure aluminium wire (0.999) and the tungsten filament were boiled 
in toluene, then in methanol before mounting in the evaporator chamber. 
The aluminium wire was cut in six pieces of approximately 1 cm length,
then bent into a "V" shape in order to facilitate its suspension on the
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spiral tungsten filament. The amount of Al used for a run was important 
and found to affect the deposition rate and the quality of the deposited 
films. The samples were loaded in the chamber at a distance of about 
15-20 cm from the tungsten filament located at a stage above. The 
chamber was then evacuated before heating the tungsten filament to the 
melting point (for out-gassing). The*shutter was placed between the 
tungsten filament and the samples to prevent any unwanted deposition on 
the samples during this sequence. As a result, the vacuum in the chamber 
dropped and the chamber was allowed to regain the 10“* torr pressure 
before introducing the ammonia/nitrogen gas mixture.
The flow rate of NS/NH3 gas was varied until the required pressure in the 
chamber of 10"e and 10~3 torr was achieved, which depended on the pumping 
speed of the diffusion and rotary pumps. These were kept continuously 
pumping during the entire evaporation process. Nitrogen gas was bubbled 
through aqueous NH3 before reaching the chamber.
After introduction of the Na/NH3 gas into the chamber, the tungsten 
filament was slowly heated to the melting point. By that time the Al had 
melted and had wet the filament. The chamber pressure was adjusted to 
about 10”3 torr prior to removing the shutter to let the Al evaporate 
towards the samples. The power to the filament, and hence, the 
temperature of the Al was adjusted continuously together with the NS/NH3 
gas flow (hence, the pressure in the chamber). Care had been taken not 
to let the pressure in the backing line drop below 10“ J torr in order to 
avoid the contamination of deposited films with carbon from the oil of 
the pumping system.
The evaporated aluminium reacted with the ammonia/nitrogen gas mixture to 
deposit a thin layer of AIN on the samples. The deposition time depended 
on the evaporation rate, the amount of aluminium and the thickness 
required. A 600 A thick film was typically deposited in about two 
minutes after which the power to the tungsten filament was switched off. 
The ammonia/nitrogen gas flow was maintained for a further minute before 
being shut off. The chamber was then allowed to be pumped down to 10”^ 
torr before it was let up to air to unload the samples.
The nitrogen-ammonia pressure (hence, the mean free path of aluminium 
atoms), the rate of aluminium evaporation and the distance between the 
samples and the tungsten filament all have been optimised in order to 
produce good quality aluminium nitride layers. Films deposited using the
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above procedure were characterised and the results are presented later in 
Chapter 4. However, a matter of interest worth mentioning at this point 
is that the thickness and composition of the films depended on position. 
That is, the closer to the tungsten filament the samples were, the 
thicker and richer in aluminium were the films. Therefore, it was found 
necessary to spray the NH3 gas uniformly over the surface of the samples 
during the deposition. This produced better uniformity of the deposited 
films over an area of about 3 x 3  cms close to the ammonia inlet. 
Further improvements in the uniformity of the films was achieved using 
pure ammonia gas instead of bubbling Na through aqueous ammonia.
The deposited AIN films obtained using pure ammonia gas were uniform over 
an area of two inches in diameter and could be deposited reproducibly. 
However, oxygen contamination remained, but was found to be caused mainly 
by the hydrolysis of the films once they become in contact with the 
atmosphere. This point will be discussed in detail in Chapters 4 and 5.
3.3.3 Double-Layer Encapsulant; 5i;=JvU/AlN
Because of the poor reproducibility of the AIN growth system, a double 
layer Si3N^/AlN encapsulant was developed. As will be discussed in 
Chapter 4, poor quality AIN films reacted with the GaAs substrate during 
annealing and were thereafter found difficult to remove. To avoid this 
reaction and thus improve reproducibility, a double layer encapsulant was 
developed. This consists of about 300 A CVD Si3N/+ layer deposited on the 
surface of the GaAs prior to deposition of the 600 A layer of evaporated 
AIN. On its own, the Si3N^ film was found to be a poor encapsulant at 
the high temperatures used (> VSO^C) (71). However, in combination with 
evaporated AIN, the resultant double layer film was successfully used in 
annealing GaAs samples to temperatures up to 1150°C (65). The quality of 
this encapsulant was not affected by the composition or the quality of 
both the CVD SisN*, and the evaporated AIN.
3.4 Annealing Techniques
Three main rapid thermal annealing techniques were used in this project 
in order to find the most suitable technique for the formation of n"" 
layers. Therefore, an electron beam annealer (EBA), a double and single 
graphite strip heater (GSH) and an incoherent light annealer (ILA) were 
used and later, demonstrated to be equivalent in performance (69).
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General descriptions of the techniques are presented in the following 
sections.
3.4.1 Graphite Strip Heater (G5H)
The graphite strip heater is the same apparatus as that used for CVD 
Si3lsU deposition described in section 3.3.1. It is used both for
depositing the Si3N<+ caps and annealing the GaAs samples. The system 
however, differs in some geometrical aspects. Thus, for annealing,
smaller strips are used (approximately, 12 x 4 x 0.1 cm) to allow a quick
rise time to the annealing temperature. Furthermore, in order to improve
the experimental procedure, a double graphite strip system was developed 
for better temperature control and reproducibility as well as more 
accuracy in the annealing time measurements. In what follows,
descriptions of the single and double graphite strip heaters are 
presented together with the procedures adopted in controlling and 
measuring the sample temperature. The results of these improvements and 
the comparison between the single and double graphite strip heaters are 
presented in Chapter 4.
a) Gingle and Double Graphite Strip Heaters
A schematic diagram of the single and double strip heaters is shown in 
Figure 3.3 which also illustrates the positions of the various 
thermocouples used to characterise the system. The dimensions of each
graphite strip are approximately 12 x 4 x 0.1 cm. and the gap between
them is in the range 1 - 1 . 5  mm. Tx and Ts are thermocouples embedded
within the graphite strips and, provided the dimensions of the two strips 
are identical, equal temperatures are recorded. Either T x or Te was used 
as the sensor for the temperature controller. T3 is a thermocouple
placed in the air-space between the strips and records the same
temperature within ±2°C as Tj and T3 over an area of about 2 cm x 2 cm. 
Thermocouples were also attached to samples, placed face upwards, both on 
top (Ts ) and between (T*J the strips so that a comparison could be made 
between the sample temperature and the control temperature (Tx or Ts ). 
T6 corresponds to the control temperature of the original system which 
employed a single graphite strip. That is, the original system 
corresponded to thermocouples T0 and T& where T* was the reported 
temperature of the sample. We find here that Ja is typically up to 15°C
lower than T«*> depending on how good is the thermal contact between the
sample and the graphite strip.
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Figure 3.3: Schematic diagram of the double graphite strip heater
illustrating the positions of thermocouples used to characterise 
the temperature/time excursion of both the single and the double 
graphite strip heaters. The top strip represents the single 
graphite strip heater.
Figure 3.4 summarises the results of the temperature-time excursions for 
an annealing temperature of nominally 1000°C. Ti and Ts reach 1000°C 
with a small overshoot in 4 seconds. However? a sample placed on top of 
the graphite strip records temperature? T«i? which was found to be up to 
50°C lower than the control temperature T? and Ta. This difference in 
temperature is variable due to variations in the thermal contact between 
samples and the strip. The temperature Ts also has a relatively long lag 
time ( ~ 105) behind the control temperature and reaches a plateau value 
slowly. Samples placed between the two strips also lag behind the 
graphite strip (Tx? Te ) but only by about two seconds. Consequently? 
there is no overshoot of the sample’s temperature. Under these 
conditions the temperature reached is within E°C of the control 
temperature T* and Ta .
Results of the comparison between the single graphite strip and the 
double graphite strip in terms of reproducibility of electrical 
properties? accuracy and uniformity of temperature measured are presented 
in Chapter 4.
b) Annealing Procedure
After encapsulation with either silicon nitride or AIN or with a 
combination of both? the samples were sliced into smaller samples of 
approximately 4 x 4 mm prior to the annealing process. The GaAs samples
35
were placed either in the middle region of the single graphite strip or 
between the two graphite strips in the case of the double graphite strip 
heater. The chamber is then evacuated to about 10-* torr before being 
backfilled with nitrogen gas. The anneal is then performed in flowing 
nitrogen in order to reduce oxidation of the graphite. The power supply 
to the heaters was from a 100 A transformer at 10 voltsj the temperature 
being controlled via the feedback from a chromel-alumel thermocouple (Ti) 
embedded in the graphite (Figure 3.3). The thermocouples were calibrated 
by melting small pieces of gold and silver on the graphite strips.
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Figure 3.4: Comparison of temperature/time excursion of single
(Ti, Te ) and double (T3» Ta ) graphite strips and samples (Taj Ts ).
3.4.2 Incoherent Light Annealer (ILA)
A schematic diagram of the incoherent light annealer is shown in Figure 
3.5. It consists of four 1 kW tungsten halogen lamps housed inside a 
cylindrical pyrex tube which is aluminised on the interior. A thin 
graphite sample holder (2 x 3 x 0.05 cm) is held by a quartz tube which 
can be inserted into the middle of the pyrex tube to position the sample 
at a point of maximum temperature. The area over which the temperature 
remains constant within a few degrees is about 1 cme . A chromel-alumel 
thermocouple is embedded in the centre of the graphite and a PID
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controller is used to monitor and control the temperature. A typical 
temperature-time excursion is shown in Figure 3.6 which shows a rise time 
of 6 seconds to a temperature of 1000°C. The annealing process was done 
in flowing nitrogen and only small size samples (A x A mm.) were used.
QUARTZ
TUBE
GRAPHITE N , GAS
REFLECTOR.GLASS
HALOGEN LAMP
SAMPLE
THERMOCOUPLE
HOLDER
Figure 3.5: Schematic diagram of the incoherent light annealer.
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Figure 3.6: Typical temperature-time excursion for the incoherent
light heater using a thermocouple embedded in a thin sheet (dashed 
line) or a thick sheet (solid line) of graphite.
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3.4.3 Electron Beam Annealer (EBA)
Electron-beam annealing was carried out using a commercial Lintech 
Instruments SEZA. Exposure of samples to the scanned electron beam was 
in a vacuum of about 10“= torr. To minimise heat loss due to conduction, 
the unimplanted side of the sample was coated with aquadag.
The electron-beam of diameter about 0.4 mm and energy of 30 keV was 
scanned magnetically by a triangular waveform over a 30 x 30 mm square. 
Scanning frequencies of 30 Hz and 30 kHz were chosen for frame and line, 
respectively. Specimens of 4 mm x 4 mm were centered within the scanned 
region so as to achieve uniformity in heating over the entire sample. 
Power densities were between £0 and 150 watts/cme . The corresponding 
temperature and its rise were calculated assuming uniform heating of the 
whole sample. Figure 3.7 shows the calculated temperature as a function 
of exposure time of a sample during electron-beam processing at a 
constant power density of 30 W.cm_E. For example, a temperature of 900°C 
can be reached in about 6 - 8  seconds.
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Figure 3.7: Temperature of a sample versus time for the electron
beam annealer calculated using an emissivity constant of 0.3 for 
GaAs.
3.4.4 Summary of Annealing Techniques
Rapid thermal annealing was used to activate the implanted GaAs using 
either a graphite strip heater (single or double strip)» a scanned
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electron beam annealer, or an incoherent light furnace. Temperatures as 
high as 1150°C and annealing times as long as £00 seconds were used. 
Both the rise time, tr-, and dwell time, ta, at temperature, T«, were 
recorded so that an anneal is usually specified in the manner L n,/tr./td .
3.5 Preparation of Samples for Electrical Measurements
3.5.1 Preparation of Samples
After the annealing process, the encapsulants were removed in 40*/. HF 
acid, then the samples were rinsed in distilled water. In order to use 
the Hall effect technique to assess the electrical properties, the 
samples were cut into a clovei— leaf shape (Figure 3.8), using either a 
micro-blaster or a chemical etch through a mask of photoresist. Both 
cutting methods were found to be identical as far as measured electrical 
properties are concerned. The etch solution was a mixture of HsSCL+, 
He Os , and Hs0 in the proportions (1:1:3). The etch depth was about a few 
micrometres and used only in the case of samples with semi-insulating 
substrates. When using the micro-blaster, a metal mask was fixed to the 
unimplanted surface of the sample using dental wax. After cutting the 
samples in clover-leaf shapes, the wax was dissolved in boiling toluene 
and the samples were cleaned in boiling solvents prior to ohmic contact 
formation. In both processes, samples were cut into clover-leaf shapes 
before removing the encapsulants. The samples were then cleaned in 
boiling solvents and methanol before ohmic contact formation.
Figure 3.B: "Clover leaf" shaped sample used for the Hall effect
ana resistivity measurements.
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3.5.2 Ohmic Contact Formation
Ohmic contacts to selenium- and tin-implanted GaAs were formed by 
alloying tin dots to the surface of the implanted layer. This was 
performed by placing small pieces of tin at the edge of each clover leaf 
(Figure 3.8) and heating the GaAs sample with the tin dots at a 
temperature of about 300°C in flowing hydrogen-nitrogen gas mixture (5*/. 
He in Ns ). In the process which takes a total of 3-4 minutes the 
hydrogen-nitrogen gas was allowed to bubble through an HC1 acid solution 
for about 1.5 minutes. This is believed to clean the surface of the 
sample and enhance wetting of the tin to the GaAs. A small number of 
samples intended for the formation of n+ layers were contacted simply by 
tin evaporated through a metal mask with four small holes onto the 
clover-leaf shaped samples. The contacts were checked on a curve tracer 
for linearity of the I/V characteristics, to ensure that the contacts 
were ohmic prior to any electrical measurements.
3.6 Measurement Techniques
Several techniques have been developed for measuring the change in 
electrical properties and the penetration depths involved in ion 
implantation. In this work, two measurement techniques have been used 
and are summarised in the following sub-sections. The sheet and volume 
electrical properties of the implanted layer were measured using the Van 
der Pauw (127) method for determining the Hall effect (128) and 
resistivity, and layer-stripping methods described in sub-section 3.6.1. 
Rutherford backscattering spectrometry was used to assess the 
crystal 1 inity of the implanted layer and to characterise the various 
encapsulants used in this study (i.e., CVD silicon nitride, evaporated 
AIN, and the double-layer cap). Other techniques have also been used to 
characterise the thin deposited evaporated AIN. These techniques include 
RHEED (Reflection High Energy Electron Diffraction), Scanning Electron 
Microprobe (X-ray), and Electron Spectroscopy (ESCA).
3.6.1 Measurement of Electrical Properties
The measurement of the conductivity and the Hal 1-effect using the Van der 
Pauw technique gives the sheet resistivity ( |*ro = JVd ), the Hall 
mobility Hh> and the sheet carrier concentration, N». This is 
accomplished using a high resistivity substrate ( P > 10 kO.cm ).
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a) Van der Pauw Method
Basically, Van der Pauw’s method consists of putting four ohmic contacts
onto the material (cut into a clover-leaf shape) and measuring the
voltage between two of the contacts while maintaining a constant current
through the other two. Van der Pauw has shown that if the resistance 
between pairs of adjacent contacts is R x = V3^/Iis and Re = V^i/Ie3 > 
(Figure 3.8), and Ra/Re < 5, the specific sheet resistivity of the
material can be expressed by:-
tt Ri + Ra Ri
= ( ) (---------- ) F( — ) (3.2)
ln2 2 Re
where, ^  = jVd; where d is the thickness of the sample and,
CRx - Re 3E [ ln23 CR* - Ra3* C(ln2)e (ln2)33
F = 1 ~ C--------3 C--- 3 - C--------3 C  -  3 (3.3)
[Ra + Rs3 C 2 3 CRa + Ra3 C 4 12 3
or,
[Ri - RS3S [Ra - Rs3*
F = 1 - 0.3466 C------ 3 - 0.0924 [--------3 (3.4)
[Ri + Re3 [Ra + Rs3
b) Hall Effect and Hall Coefficient
Consider the shape of the sample in Figure 3.8, where a constant current, 
I, is applied between 1 and 3 (in the x-direction), a magnetic field, B, 
is applied at right angles to the direction of the current flow 
(y-direction). Hall has found that an electric field, E, is set up in a 
direction perpendicular to both the directions of the current and the
magnetic field, B (z-direction). This electric field E, balances the
Lorentz force acting on an electron travelling between 1 and 3, thus 
enabling the current to continue flowing.
The change in voltage detected is the Hall voltage, VH . Therefore, the
sheet Hall coefficient R„ can be expressed by:
Rh v „
R« =   = 10s------ (cm3/coulomb) (3.5)
d BI
The sheet carrier concentration, N„, can be calculated from:-
N» = r / eR* (cm~E ) (3.6)
where, e is the electronic charge (e = 1.62 x 10“1S> joule), and r = Hh/H
is the ratio between the Hall Mobility H h  = Rw/ a n d  the conductivity 
mobility F. The Hall scattering factor, r, depends on the scattering 
mechanisms and impurity concentration and is assumed to equal unity. 
This assumption produces an uncertainty in N® of up to SO*/..
The sheet Hall mobility, F«» can also be calculated from:-
F« = R„/f„ (cms/Vs) (3.7)
c) Layer Removal Techniques
The volume carrier concentration and the mobility vary with depth and 
their distributions can be determined (12,13) by measuring the sheet Hall 
coefficient R& and the sheet resistivity p« of the ifch layer; 
chemically-removing the said layer and, measuring again R« and p» for the 
following (i + l)trh layer. This cycle is repeated until most of the 
implanted layer is removed. The number of carriers, Ni, and their 
mobilities, Hi, for the ith layer can be obtained from (12):-
C l / ( P . ) t 3 -  C l/(P»)i^.i 3
N t = -------1----------------- 1-------- (cm~3 ) (3.8)
e di Hi
and,
C(R»)i/( P«)a i 3 - I (Rw ) iH-j./( P»)e i + i3
Hi =-- -------- 1-----------------------1-------- (cm3/Vs) (3.9)
I l/(f.)i 3 - C l/( 3
where, (R«)i and (p^Ji are the sheet Hall coefficient and sheet 
resistivity of the i** layer, respectively; (Rb )i+1 and (p„)i+i are the 
sheet Hall coefficient and sheet resistivity for the (i+l)th layer, 
respectively; and, di is the thickness of the layer removed.
d) Measurement Procedures
To employ the Van der Pauw method, the following conditions need to be 
fulfilled:-
i) the sample was cut into a clover-leaf shape;
ii) the contacts were sufficiently small and ohmic;
iii) the sample was homogeneous in thickness; and,
iv) the surface of the sample was singly connected.
Cutting the sample into a clover-leaf shape accounts for one of the 
conditions in using the Van der Pauw method, which requires the contacts 
to be placed at the circumference of the sample. (In practice, this is 
difficult to realise). The ohmic contacts were made using the procedure 
described in section 3.5.2.
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The sample was then fixed to a ceramic board where electrical connections 
were made using a highly conducting silver paint. The sample was ready 
for electrical measurements once the ohmic contacts were checked. To
obtain the sheet resistivity of a specimen using the Van der Pauw 
Equation (3.2) required the measurement of voltage and current in two
different configurations, with a third, necessary to determine the Hall 
coefficient. In this case, the current through the specimen was kept 
constant during the measurements and the voltage developed between the 
required pairs of contacts was monitored.
In addition to this basic set of measurements, readings were also taken 
with the constant current reversed to compensate for slightly non-linear 
contacts. In addition, the direction of the magnetic field was reversed 
to reduce the effect of misalignment of the specimen contacts with the 
field. For greater accuracy, this required a total of 12 measurements. 
The measurement system is automated. It consists of a PET microcomputer 
operating a switching relay box to run through the sequence of 
measurements. The computer also calculates values for the sheet Hall 
coefficient, R^, the sheet resistivity, |*», the sheet carrier 
concentration, N„, the Hall mobility, and the correction factor, F 
using the equations (3.2), (3.5), (3.6) and (3.7) stated earlier.
Following the set of twelve measurements, the sample was etched in a 
solution of sulfuric acid + hydrogen peroxide + de-ionised water in the 
volume ratio 4:4:500. The solution was continuously agitated with a 
magnetic stirrer to ensure homogeneity in etching. The sample contacts
were protected from the etch by coating with Apiezon W wax which was
applied by painting with a solution of wax and toluene. The etch rate of 
the solution was typically 300 A/minute, and the average etching time 
used was in the range 15 to 60 seconds. After etching, the sample was 
rinsed in de-ionised water to remove all traces of the etchant. 
Measurements were again taken on the sample placed in a beaker of 
de-ionised water to keep the sample temperature constant and hence reduce 
errors due to heating effects. As described earlier, this stripping and 
measuring cycle was continued until the DVM voltage readings became 
unstable.
The actual etch rate of the etching solution was calculated by measuring 
the step height of the etched layer using a Rank-Taylor Hobson Talystep. 
The accuracy of the step height measurement was ±5%. Depth profiles of
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volume carrier concentration, Nv, and mobility, F~» were automatically 
computed and -plotted using (3.B) and (3.9) above (Nv = Nt and Hv = Hi).
Figure 3.9 shows a schematic diagram of the Hall apparatus. The figure 
also shows the pole pieces of the electromagnet used to supply a magnetic 
field of 5 kG. The current supplied through the magnet was monitored 
continuously and controlled within 0.1*/». A Keithley Instruments Model 225 
constant current source was used to provide a current accurate to ± 0.5*/», 
and the voltage between the other two sample contacts was monitored with 
a Solartron A200 digital voltmeter.
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Figure 3.9: Schematic layout of the Hall apparatus.
3.6.2 Rutherford Backscatterino Spectrometry (RBS)
The scattering of ions by the coulomb field of an atom is a powerful tool 
for the surface analysis of thin layers of the order of a micron in 
thickness (129). The energy spectrum of ions backscattered from a thin 
target contains information about the concentration and depth 
distribution of the component elements. Ion channelling is another 
feature of RBS, which enables lattice damage and atomic location of 
impurities to be studied. To make the most effective use of the RBS 
spectrum, one should have an understanding of what is actually being 
measured and how to extract the useful information. In this section, the 
basic physical concepts of RBS are summarised.
a) Basic Physical Concepts
The basic physical concepts concerned with backscattering spectrometry 
are well described in the literature (129*130). These concepts, 
corresponding each to a specific phenomenon, can be summarised as 
follows:
i) Kinematic factor, K.
ii) Rutherford scattering cross-section, tr .
' iii) Stopping cross-section, € .
iv) Energy scattering, fle .
Each concept is at the origin of a particular capability or limitation of
backscattering spectrometry.
i) Kinematic Factors The kinematic factor describes the energy
after collision, Ex, of a particle of mass Mi and initial energy, Ec., 
elastically colliding with a stationary particle of mass Me (Figure 
3.10). By applying the principles of conservation of energy and
momentum, the kinematic factor, K, can be defined as:
Ei [ Micose + -J (Mss + Mie sinse) 3e
K =   = ------------------- (3.10)
Ec. [ (Mi + Me) 3e
The largest energy transfer is for
CMi - MS3S
0 = tt , K = [------- 3 (3.11)
CMi + Me 3
If a target contains two types of atoms that differ in their masses by a 
small amount, A M e > it is important that this difference produces as
large a change, A E X, as possible in the measured energy E a of the 
projectile after collision. In quantitative terms, A E X and A M S are 
related to each other by:
A E i  = Ec. (dK/dMs ) A M e (3.12)
The distinction between two masses depends upon A M S and E0 . Therefore, 
to obtain good mass resolution, it is desirable to have A M e and E0 as 
large as possible, and to measure at a scattering angle of approximately, 
6 = 180°.
ii) Rutherford Scattering Cross-Section: The differential
scattering cross-section, dcr/dQ, describes the frequency of the 
scattering effect. If Q is the total number of particles hitting a thin 
uniform target and dQ is the number of particles backscattered in the
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Figure 3.10: Schematic representation of an elastic collision
between a projectile of mass, Mi and energy, Ec. and a target mass, 
Ms , initially at rest. After collision, the projectile and the 
target have energies Ex and Ee , respectively. 0 is the scattering 
angle of the projectile.
differential solid angle, dft, then the differential scattering
cross-section, dcr/dQ , can be expressed by:
do- 1 CdQ/dOl
  = -----  [ 3 (3.13)
d 0 N x . C Q 3
where, N is the volume density of atoms in the target of thickness x. If 
coulomb repulsion is considered (129), dtr/dQ can be calculated from:
do- (Za2see )s 4 C J 1 - ((Mi/Me) sin0)s + cos0 3s
dft <4EC.)E sin*0 4 1 - ((Mi/Ms) sin0)s
(3.14)
If Mi<<Me > the differential cross-section is given by the Rutherford 
formula,
[ZiZses3E
a = [-------3 C sin**(0/2) 3"1 (3.15)
C E0 3
Since or is proportional to Zxe , then, the backscattering yield obtained 
from a given atom using a He probe beam (Zi = 2) is four times as large 
as with a proton beam H (Zx = 1). As u is proportional to ZES , RBS is 
much more sensitive to heavy elements than to light ones. Finally, cr is 
proportional to Ec.~E , so the yield of scattered particles rises rapidly 
with decreasing energy.
iii) Stopping Cross-section, € : The energy loss, dE/dx,
accounts for the energy a fast particle expends as it passes through the 
electron cloud of the atoms or as it suffers numerous small angle
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collisions with nuclei lying along 
cross-sections, can be expressed by:
1 dE 
N dx
The energy loss, AE, which is the difference between E,. and KEC. of a
particle scattered from an atom at a depth, x, can be expressed by:
A E  =  C S 3 . X  ( 3 . 1 7 )
where, CS3, is the scattering energy loss parameter which depends on K 
and the energy loss, dE/dx. Ziegler and Chu (129) have surveyed the 
literature and tabulated semi-empirical tables of stopping cross-sections 
for He in all elements.
iv) Energy Straggling, fte : An energetic particle moving through
a medium loses energy via many individual collisions. However, identical 
energetic particles with the same initial energy, do not have exactly the 
same energy after passing through a thickness. Ax , of a homogeneous
medium. The energy loss, AE, is then subject to fluctuations. Energy 
straggling is the phenomenon which gives the precisian with which energy 
losses, and depths can be resolved by RBS. It also enables the 
identification of masses except for atoms located at the surface of the 
target.
The Bohr value of energy straggling, ftE , for a layer of thickness, x, can 
be written as:
ftE = Att (Z,eE )E NZax (3.18)
This quantity is numerically equal to Za within V/. when expressed in
units of 10"ie eV.cm for quick estimation of energy straggling.
b) Concepts of Backscattering Spectrum
This section explains how the three basic concepts introduced so far - i) 
kinematic factor, K; ii) scattering cross-section? cr ; and, iii) stopping 
cross-section, €, enter into a backscattering spectrum. If N is the 
number of atoms per cubic metre, Nx is the number of atoms required per 
square metre. The area A under each of the peaks (Figure 3.11) is 
proportional to Nx of each type and can be expressed by:
A = Q cr ft N x (3.19)
its route. The stopping
(eV.cmE) (3.16)
W7
The height of the spectrum, Hm , is well-defined and can be written as:
Hm = Q a Q N Ax (counts/channel) (3.SO)
or
£ E
Hm = Q (r 0 N (----- ) (counts/channel) (3.SI)
[S3
where, Ax is an incremental target thickness related to the channel
width, tfE, by £E = [S3 Ax. £E is fixed by the gain of the electronic
system and is typically S-5 keV.
The number of impurities per square centimetre can be determined without 
knowledge of D and 0. From equations (3.19) and (3.SO), one can write:
Aj.mp o’ tfE
No. of impurities/cme =     Na  (3.SS)
H„ (Tirnp [S3®
where, Aimp is the area of the impurity spectrum and H» is the height of 
the substrate spectrum. Backscattering analysis has been used to measure 
the composition of compounds such as dielectric layers and the formation
of silicides on silicon. Suppose we have the spectrum of a thin compound
AB on a substrate C (Figure 3.11). The ratio of A to B atoms per unit 
volume can be calculated from:-
N a  A a  O'a
(3.S3)
N© Ae< O'©
The composition can also be determined from the heights of the A and B
plateaux in the backscattering spectrum (from Eqn. 3.S1):
Na O'b ,
Ha <x -------  (3.S4)
CS3a
and,
Ne (Ta
Hb a ------- (3.S5)
CS3b
where, CS3 values can be determined from the kinematic factor, K, and the
energy loss per unit path length. The ratio of CS3 values is insensitive
to composition and can be calculated directly or estimated from the
spectrum by comparing the energy widths, since AE = CS3.X :
A E a CS3 a
  =   (3.S6)
A E b CS3b
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Thus* the composition can be calculated directly from:-
Na O’© H a A E a
      (3.27)
Nb £Ta H e< A E b
In addition to mass identification and depth perception the Rutherford 
backscattering technique can be used as an analytical tool to measure the 
crystal 1 inity of materials.
AB
IB
QJ
>-
Energy
Figure 3.11: Schematic representation of the backscattering
spectrum from a compound thin-film (AB) on a substrate (C). B is 
tne heaviest.
If the target is a single crystal} the backscattering yield can be 
largely reduced when the analysing beam is directed parallel to a low 
index direction. The yield} YxS obtained from such channelling can be 
substantially lower than the random yield} Ye > obtained from a 
non-channel led direction. The ratio of the yields in the channelling and 
non-channelling directions CYi/Ye3 can be used as a measure of the 
quality of single crystal specimens and can be given by (130):
X m l  r» =  ^  < 3 - 2 8 )
Ye
Typical values of Xmin for good quality crystals are about 0.03 for 
silicon and larger for GaAS} Xmir. = 4-5*/*.
c) Experimental system used in RBS analysis.
The typical experimental system used for routine backscattering analysis 
is shown in Figure 3.12 with a schematic outline of the major components
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of the system. Charged particles are generated in an ion source and 
accelerated in a Van de Graaff accelerator to the required energy (1.5
MeV). The beam is mass analysed to select the required particle and
highly collimated. The sample is mounted on a goniometer to facilitate 
channelling experiments in a chamber held at a pressure of 10“* torr.
All the backscattering experiments were carried out using a monoenergetic 
helium beam of 1.5 MeV and a spot diameter of 1 mm. The backscattered 
particles were detected by the surface barrier detector mounted at 160° 
to the incident beam and having an energy resolution of 13 keV at FWHM 
(full width half maximum). Prior to mounting on the three-axis 
goniometer? the samples were boiled in methanol to remove any
contamination from the surface. A number of samples were loaded together 
and positioned on the sample holder to allow each sample to be scanned in 
turn by the helium beam.
A beam current of 1-6 nA and a collected charge of S or 3 FC were used to 
obtain backscattered spectra for the <100> channelled and non-channel led 
directions. For channelling experiments? the samples were carefully 
oriented using the two goniometer controls to obtain minimum yield. 
The goniometer movement was remote-controlled in the range -10° to +10°.
Sample
Collimated 
He Beam.
Scattering 
Angle 6 =160°. Detector
Figure 3.12: Schematic diagram of the experimental set-up for the
Rutherford backscattering (RBS) system.
3.6.3. Other Assessment Techniques
Other measurement and assessment techniques were used in this work. 
These involved the use of the Secondary Ion Mass Spectrometry (SIMS) to 
obtain the tin atomic profiles before and after annealing. Similarly? 
Transmission Electron Microscopy (TEM) was used to assess the extent of
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implantation damage and annealing effects on the implanted layers. 
Finally, Reflection High Energy Electron Diffraction (RHEED) and X-ray 
analysis were also used to characterise the thin encapsulating layers and 
to study the surface of GaAs after annealing and cap-removal. Because 
these experiments were mostly done by other people, the samples were 
prepared according to their instructions. Therefore, no details of these 
experimental techniques are mentioned here. However, the author 
acknowledges the assistance of A. Abid for the RHEED results, M. Shahid 
for the TEM micrographs, and P.N. Favennec for the SIMS atomic profiles.
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CHAPTER A
EXPERIMENTAL RESULTS
A.l Introduction
This chapter presents the experimental results in a chronological 
sequence, highlighting in particular, the four important results 
obtained. These include:
i) The development and characterisation of a better encapsulant 
(evaporated AIN) produced by a novel technique;
ii) The improvement of the rapid thermal annealing process 
through the development of a double-graphite strip heater;
iii) The formation of n^-layers in GaAs; and,
iv) The formulation of a thermodynamic model for the activation 
mechanism of Sn and Se implants in GaAs.
These and related experimental results are summarised in five sections.
The first section (Section A.2) describes the results obtained from an
investigation of encapsulants required to anneal high dose implanted
GaAs. Part of these results pertain to improvement and characterisation 
of the existing CVD SigN* encapsulant. In this respect, it has been
demonstrated that CVD SigN<* failed at temperatures higher than 950°C. 
The substantial part of the section presents the development of 
alternative encapsulants, in particular, the preparation and
characterisation of evaporated aluminium nitride (AIN). Likewise studied
was a double encapsulant, combining CVD SiaN^ and evaporated AIN. The use 
of this cap has been shown to improve the reproducibility of results at
temperatures up to 1150°C. An integral part of this section presents the
results of Rutherford backscattering (RBS) and Reflection High-energy 
Electron Diffraction (RHEED) analyses performed in order to characterise 
and eventually compare the three types of encapsulants studied.
The second section (Section A.3) presents how, in terms of electrical 
properties, the initial breakthrough in encapsulation techniques led to 
the successful performance of high-temperature annealing of implanted 
GaAs samples. This produced maximum activation of the implanted layers,
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confirming the usefulness of the new encapsulants. The results likewise 
demonstrated the failure of CVD Si3|\U at temperatures higher than 950c,C. 
Consequently* this proved the superiority of the AIN and the double-layer 
encapsulant. Having achieved a reliable method of encapsulation* a 
comparison of the single GSH* the incoherent light heater and the 
electron beam annealer was made in order to establish the most efficient 
annealing technique. The three methods were found to be equivalent in 
terms of maximum electron concentration obtained. However* a common 
problem encountered is the difficulty in accurately controlling and
measuring annealing temperature and time - two factors which have been 
found critical in characterising implanted GaAs. To address this 
problem* a double-graphite strip heater has been introduced. The section 
discusses these improvements not only in terms of measured electrical 
properties but also in reproducibility of results for tin-implanted GaAs.
Section 4.4 presents the electrical profiles obtained from annealing Sn 
and Se implants in GaAs. Provided a suitable encapsulant is used, a peak 
carrier concentration of about 1 x 101<ycm"3 could be measured using the 
three main annealing techniques. In order to relate the electrical 
profiles to the atomic distribution, some SIMS results measured on high 
dose tin implants* are also presented in the Section, together with RBS 
and TEM investigations.
Using the improved encapsulant and the double GSH, the relationship 
between the electrical properties and the annealing temperature and
time, was studied. Section 4.5 presents the results of a detailed study 
of the annealing kinetics of 1 x 10x,ef cm“s of tin and selenium implanted 
at 300 keV and room temperature into GaAs. Detailed analysis of these 
results has led to the development of a theoretical model for the
activation and incorporation of implanted Sn and Se into GaAs. The 
thermodynamic model however as well as the derived diffusion constants 
for both tin and selenium are presented in Chapter 5.
Finally, Section 4.6 summarises the chapter and serves as a introduction 
to the discussion of all the important results generated by the research 
which are presented separately as Chapter 5.
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4.2 Encapsulants
4.2.1 Characterisation of CVD SiaN^ Encapsulant
The CVD Si3N* used in the research work was deposited using the apparatus 
described in Chapter 3. In order to study the suitability of the CVD 
SiaN* to anneal high doses of selenium and tin implanted into GaAs, the 
deposition process and the quality of the films had to be investigated.
Firstly, larger and thinner graphite strips were made in order to reduce 
the rise time to the deposition temperature and to increase the area of 
uniform temperature. The large area of uniform temperature thus obtained 
made it possible to deposit more uniform CVD SisN*. layers with improved 
reproducibility. Secondly, the Si3N** was deposited under a range of 
deposition temperatures and times. The gas flows of si lane, ammonia and 
nitrogen were also optimised and subsequently kept constant throughout 
the rest of the work. The qualification results were done on CVD SisN**
films deposited using the following gas flow ratios:
NH3 -------------> 600 cc/min.
5’/. SihW ---------> 400 cc/min.
Na -------------- > 1500 cc/min.
1000
800C_J
a  40Q.
LU
CL
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new system 
— old system
60
T I ME  ( seconds.)
Figure 4.1: Comparison of the temperature/time excursion of the
CVD Si3N/+ apparatus before and after improvements for a typical 
deposition temperature of 635°C.
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A temperature-time excursion of the graphite strip used to deposit the 
Si3N* is shown in Figure 4.1. It can be seen that a rise time of about 
4-5 seconds is typical of the deposition process using the improved 
system. The figure also shows the temperature-time excursion of the old 
graphite strip heater for comparison.
In this pyrolytic (chemical vapour deposition or CVD) method of 
deposition* the process obeys the chemical reaction presented in Equation 
(3.1) of Chapter 3. In this reaction* several parameters can be varied - 
e.g., temperature, time, flow rates of silane, ammonia or nitrogen gases 
(the nitrogen gas is used as a carrier) - and each parameter affects the 
deposition rate. For example, the effect of the growth time and 
temperature on the thickness of the deposited Si3N^ films is shown in 
Figure 4.2.
650 °C
• <
u o o .
600 °C
200.
10 20 30 40 50
GROWTH TIME ( seconds ).
Figure 4.2: CVD Si3N^ thickness as a function of growth time for
growth temperatures in the range 580 - 650°C. The time indicated 
includes a rise time of about 5 seconds.
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a) Uniformity and thickness of the deposited CVD SiaN**
After deposition of the CVD Si3N^ all the films were examined both with 
the naked eye and through a microscope. The films were uniform up to an 
area of 2 cm x 2 cm when grown on a large sample. This uniform area 
depends on the size of the graphite strip heater used for the deposition 
process.
The films were examined under a microscope before and after annealing at 
the typical annealing temperatures. The films suitable for capping 
ion-implanted GaAs turned out to be those which were featureless, and 
free of pin holes, blisters and cracks after deposition. These films 
remained so after annealing at temperatures in the range 700-1000°C. 
However, as will be demonstrated later in this chapter, the electrical 
properties of samples annealed using Si3N*» degraded at temperatures
higher than 950°C.
The thickness of the cap was also measured using the talystep as
described in Chapter 2, and found to agree with Table 3.1. The most 
effective caps for GaAs were those with thicknesses between 500 - 1500 A. 
Thicker films (> 1500 A) cracked and peeled off during annealing whilst 
thinner films (< 500 A) totally failed and a degradation of the
electrical properties as function of annealing temperature was observed. 
These results are discussed later in this Chapter.
In addition to the above, cleanliness of the sample prior to the 
deposition of the Si3lvU was also found to be very important. Poor
surface cleaning caused holes in the nitride films, leaving the surface 
of the sample uncoated.
b) Rutherford Backscattering Analysis of SiaN*. Encapsulants.
The stoichiometry of the CVD SiaN^ and the oxygen contamination have been 
assessed using the RBS technique described in Chapter 2. Figure 4.3 
shows a representative spectrum obtained from a film deposited on a 
polished vitreous carbon sample where an oxygen peak is present due to 
oxygen contamination through air leaks found in the system. The figure 
also shows the presence of an arsenic peak which could have come from the 
graphite strip (used also for annealing GaAs). The arsenic escaping from 
the back and the sides of the GaAs sample during Si3N* deposition or 
annealing, deposits onto the graphite strip heater on cooling. This 
arsenic escapes from the graphite strip during the deposition process and
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contaminates the CVD Si3N<* deposited on the polished carbon samples meant 
for RBS analysis. In other cases, the arsenic contamination of the CVD 
SisN* films came from the GaAs samples encapsulated at the same time as 
the carbon sample.
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Figure A.3: RBS spectrum of 1.5 MeV ^He* ions backscattered from a
thin CVD Si3N* cap, deposited on vitreous carbon. Oxygen peak is 
due to contamination from air leaks in the old system. Arsenic 
(As) peak is due to As escaping from GaAs samples capped at the 
same time.
By integration of the counts in each peak of Figure A.3, the relative 
concentrations of nitrogen, oxygen and silicon were determined to be 
Nsi/NN = 0.60 ;
Nsi/No = 6 . 5  ; and,
N01/Na„ = 162
When a new graphite strip heater was used no arsenic contamination was 
observed in the deposited CVD SiaN* films, as shown in Figure A.A. The 
figure also shows better stoichiometry due to an improvement implemented 
to eliminate small gas leaks found in the gas pipes of the apparatus. 
Peak analysis and integration gave the following composition for the 
film:
Ns i /Nn = 0.7A ; and,
Nsi/No = 10.90
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The stoichiometry of the Si3N<* cap was improved and accordingly, its 
suitability to anneal implanted GaAs. However, as will be demonstrated 
later in this chapter, Si3N<+ was a good encapsulant only at temperatures 
lower than 950°C (see Figure 4.12). An encapsulant capable of 
withstanding higher temperatures was therefore required. The following 
section describes the development and characterisation of a new cap.
50 0 0.
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Figure 4.4: RBS spectrum of 1.5 MeV ^He-4* ions backscattered from a
thin CVD Si3l\U film deposited on vitreous carbon using the improved 
SisN* apparatus. Better stoichiometry is due to lesser oxygen 
contamination.
4.S.2 Characterisation of Evaporated AIN Films
As described in Chapter 3 (Section 3.3), evaporated AIN films were 
deposited on GaAs and vitreous carbon using a mixture of Ns and aqueous 
NH3 or pure NH3 gas. In either case, pure A1 wires were evaporated and 
reacted with NH3 to deposit a thin layer of AIN. These films were 
characterised and the results are presented later in this section.
a) RBS Analysis
RBS analysis of different evaporated films identified aluminium, nitrogen 
and oxygen as the only elements present. The backscattering spectra 
obtained from the evaporated films deposited on vitreous carbon
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Figure 4.5: RBS spectra of 1.5 MeV He ions backscattered from: (a)
3000 A evaporated AIN on vitreous carbon, showing partial 
hydrolysis (65*/. AIN plus 35*/. A100H plus excess aluminium): and, (b) 
4B00 ft evaporated AIN on vitreous carbon, showing that thicker 
films were less hydrolysed compared with (a) and with spectra of 
Figure 4.6 <85*/. AIN plus 10*/. A100H plus excess aluminium).
substrates are shown in Figure 4.5, where the vertical marks refer to the 
presence of a given element on the sample surface. The relative amounts 
of nitrogen, oxygen and aluminium were estimated for all the films and 
found to change from run to run. The quality, uniformity and film 
thickness depended strongly on the position of the substrate in the
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chamber during deposition. Films with excess aluminium (Figure 4.6) were 
generally deposited close to the tungsten filament containing the 
evaporating aluminium. This was so, because the evaporated A1 atoms 
impinged directly onto the substrate without reaction with the NHa gas. 
Good quality films were deposited on substrates positioned at a distance 
greater than 5 cm. from the tungsten filament* because the mean free path 
of A1 atoms is approximately 5 cm at a pressure of 10~3 torr (131). 
Figure 4.7 shows that A1 is present in excess at the surface of the film 
and at the substrate film interface. This might also be due to sudden 
changes of filament current resulting in changes in temperature of the 
aluminium to produce either an increase or decrease in evaporation rate.
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Figure 4.6: RBS spectra obtained from various AIN films. (a),(b),
and (c) are spectra obtained from evaporated AIN films deposited 
onto vitreous carbon placed at different positions in the 
evaporation chamber between the tungsten filament and the NH3 gas 
inlet: (a) close to the NH3 inlet; <b) at a distance intermediate
between (a) and (c); and, (c) close to the tungsten filament. The 
amount of aluminium increased from (a) to (c). (d) are simulated
spectra for the conditions of Figure 4.6(b) above. Spectrum 1 was 
obtained for a film which did not contain any hydrogen. Spectrum £ 
was obtained for a film which contained hydrogen. It was found 
necessary to assume the presence of one atom of hydrogen for two 
atoms of oxygen to fit theory to experiment.
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Figure 4.7: RBS spectrum of 1.5 MeV helium ions backscattered from
an evaporated AIN film with an excess of aluminium at both the 
carbon-film interface and the surface of the film.
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Figure 4.8: RBS spectrum of 1.5 MeV helium ions backscattered from
an evaporated AIN film coated with aluminium immediately after AIN 
deposition. The amount of oxygen is reduced compared with that 
present in the films of Figures 4.5 and 4.6. This demonstrates 
that oxygen comes mainly from hydrolysis of the AIN films by 
atmospheric moisture.
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The amount of oxygen present in all the films whose spectra are shown in 
Figure 4.6, is approximately constant and is uniformly distributed 
through the layers. Its presence is thought to be due to hydrolysis of 
the thin films by atmospheric moisture prior to RBS analysis. This is 
demonstrated in Figure 4.8, which shows a spectrum obtained from an 
evaporated AIN film similar to those in Figure 4.6 with the exception 
that the AIN film was coated with a thin layer of A1 immediately after 
AIN deposition. The amount of oxygen in this case is small compared to 
that observed in films of Figure 4.6. Therefore, the oxygen is mainly 
absorbed by the AIN films once exposed to the atmosphere. Composition 
analysis shows that the film is mainly AIN with an excess of A1, and a 
thin oxide layer (about 100 A) on the aluminium surface (shown in Figure 
4.8 by the surface oxygen peak). This oxide layer (Ala03 )j once formed, 
coats the film, preventing it from further oxidation.
Composition calculations on spectra of Figure 4.6 have revealed that the 
films were mainly composed of aluminium nitride (AIN) and aluminium oxide 
hydroxide A100H in the proportions indicated in the figure. These 
results were confirmed by theoretical simulations of the spectra using 
the Ziegler programme (138). It was found necessary to assume the 
presence of one atom of hydrogen for 8 atoms of oxygen in the films in 
order to fit the theory to experiment, despite the fact that no 
backscattering yield can be obtained from hydrogen. The presence of 
hydrogen in the films affects their density and therefore decreases the 
backscattered yield of helium ions, reducing the peak heights in the 
spectra collected (see Figure 4.6(d)).
Films of thickness less than 1000 A were found to be completely 
hydrolysed (Figure 4.6) whereas thicker films were only partially 
hydrolysed as shown in Figure 4.5., in which a spectrum obtained from a 
3000 A evaporated AIN film is presented. The nitrogen peak in this case
is complicated by overlap with the oxygen peak. It is apparent that the
addition of the nitrogen and oxygen creates the step structure observed 
in the backscattering spectrum. Composition analysis in this case showed 
that there are nearly equal amounts of oxygen and nitrogen in the
evaporated film, and that it is composed of about 70*/. AIN and 85*/. A100H
with an excess of aluminium.
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b) Dissolution and Quality of Evaporated AIN Films
Prior to any heat treatment, all deposited AIN films were easily removed 
from the surfaces of GaAs and vitreous carbon samples in hydrofluoric 
acid, regardless of their quality, composition or thickness, and 
dissolution was spontaneous. However, after heat treatment, especially 
at high temperatures (~ 1100°C), the dissolution was not spontaneous and 
films containing excess A1 at the film-GaAs interface were difficult to 
remove. In this case, the film had reacted with the GaAs surface forming 
a compound, which is not easily attacked with HF. The same type of films 
on vitreous carbon were analysed by RBS and showed no change in their 
composition and were easily removed in HF.
It was found that good quality encapsulating layers reacted readily with 
hot distilled water and peeled off as a thin transparent layer, whereas 
poor encapsulant layers (i.e., Al-rich) were not readily removed in hot 
distilled water. Thus, a simple qualifying test was adopted to judge if 
films were likely to be successful as encapsulants for GaAs, that is, 
whether or not films deposited on glass slides or test samples were 
soluble in hot water before any heat treatment. The films of Figure A.7 
failed this qualifying test.
Evaporated AIN films were also deposited on semi-insulating GaAs and 
analysed by RBG before and after heat treatment. Figure 4.9 shows 
spectra taken from two samples which have been coated with evaporated 
thin films from two different runs. Spectrum (a) was taken from a film 
which passed the simple qualifying test described above and was easily 
removed in HF before and after heat treatment. The figure shows no 
outdiffusion of Ga and As into the cap following the anneal. Spectrum 
(b), however, was taken from a film which failed the qualifying test and 
could not be removed in HF after the heat treatment. The spectrum 
indicates that gallium and arsenic have outdiffused into the film, 
presumably forming a structure or compound which is not readily soluble 
in HF acid.
After heat treatment at 1150°C a change in film colour was observed for 
those films having initially an excess of A1 (Figure 4.8). This was due 
to the evaporation of the excess A1 from the surface of the film 
(detected on the glass viewer of the the annealing chamber) and/or 
reaction of excess A1 with Ne and 0S to form more AIN or AleOs. RBS 
analysis of such a film showed that the composition had changed from the
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composition of Figure 4.8 to the composition of films in Figure 4.6. 
Thus the excess A1 had been removed from the surface of the AIN film, 
exposing it to atmospheric hydrolysis. No evidence of gallium or arsenic 
outdiffusion into the AIN cap was observed from RBS data.
The uniformity and quality of the films were hard to control using the 
present system. However, when pure ammonia was used instead of bubbling 
Ne through aqueous NH3, the film uniformity and deposition rate were 
improved and did not depend any more on the position of the samples in 
the evaporator. The film composition however did not change from that 
obtained with aqueous NH3 .
5000 4000.
4000 3000.
GaAs
^  3000.
r™* 2000.
o
2000. 1000.
1000.
50 100 150 200 250 300 350 400 450 5000
CH A N N E L  N U M B E R .
Figure 4.9: RBS spectra of 1.5 MeV helium ions backscattered from
evaporated AIN films on semi-insulating GaAs, after a heat 
treatment at a temperature of 1050°C for 30 s. Spectrum (a) was 
obtained from an evaporated film which passed the qualifying test 
(described above), showing no gallium or arsenic out-diffusion 
(same spectrum before and after neat treatment). Spectrum (b) was 
obtained from a film which failed the test. It shows a diffusion 
of gallium and arsenic into the cap after the heat treatment.
c) RHEED Observation
Figure 4.10 shows the RHEED patterns of evaporated AIN on (100) GaAs and 
vitreous carbon. Analysis of the patterns shows that the surface layer 
consists mainly of polycrystalline AIN (Figure 4.10(a)) corresponding to
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the RBS spectrum of Figure 4.5. All the measured d-spacings correspond 
to those of AIN (see Figure 4.10(f)) and did not change after heat 
treatment in NE. Films containing an excess of A1 (Figure 4.6 and Figure 
4.8) showed the RHEED pattern in Figure 4.10(b) where extra rings of 
fairly weak intensity were due to a thin A1 film on the evaporated AIN 
surface. These extra rings* however, disappeared from the pattern in 
Figure 4.10(c) obtained from the same film annealed in Ne at a 
temperature of 1150°C. As observed with RBS, the excess A1 had 
evaporated and/or reacted with Na to form more AIN. Oxide films showed 
the pattern in Figure 4.10(d) which is characteristic of an amorphous 
structure. As mentioned earlier in the section on RBS results, the 
encapsulant failed on GaAs due to the presence of excess A1 and 0 which 
resulted in a chemical reaction between the films and GaAs at high 
temperature. Figure 4.10(e) shows an unidentified RHEED pattern from a 
thin layer of encapsulant after such a failure.
In order to evaluate the evaporated AIN film performance as an 
encapsulant for GaAs and to prove its effectiveness, Hall effect and 
resistivity measurements were performed on high dose tin- and 
selenium-implanted GaAs at room temperature. The results of this 
investigation are presented in Section 4.3. However, in brief, thermal 
pulse annealing using a graphite strip heater, an electron beam heater 
and an incoherent light heater produced high percentage activities for 
high doses (greater than 1 x 101<Cf ions/cma). Films with and without 
excess aluminium at the surface have been used to anneal successfully ion 
implanted GaAs to temperatures as high as 1000°C. Thus, films with no 
protective aluminium overlay such as those of Figure 4.6 consisting 
mainly of AIN and A100H, can withstand high annealing temperatures 
despite the presence of a high oxygen content. It is likely that water 
is lost from the hydrolysed layers during annealing so that the net 
oxygen content is reduced.
4.2.3. Double-laver Encapsulants
Difficulties in controlling the deposition process meant that a small 
amount of aluminium sometimes deposited on the surface of the GaAs 
substrate without reaction with ammonia, forming a thin aluminium layer 
underneath the AIN films. Such films have been found difficult to remove 
after heat treatment due to the reaction of the A1 layer with the GaAs 
surface. To avoid this problem a double-layer encapsulant was developed 
which consisted of 300 A CVD SiaN* deposited at 635°C for 15 seconds
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Figure 4.10: RHEED patterns for AIN films: (a) good quality 
thin film of AIN prepared by evaporating pure aluminium wire 
in N2 /NH3 mixture onto semi-insulating (100) GaAs substrate 
at room temperature; (b) evaporated AIN with excess aluminium 
on GaAs (100) (extra rings from aluminium metal pattern);
(c) thin AIN plus aluminium film annealed at 940°C, showing 
AIN pattern only (no extra rings; probably excess aluminium 
evaporated); (d) amorphous material, probably Al2 0-, , formed 
at the surface of aluminium-rich film: (e) unidentified
pattern, probably of an aluminium oxide obtained from a film 
which failed and reacted with the GaAs surface when annealed 
at 1150°C; and, (f) schematic diagram of the main AIN lattice 
spacing according to Ref. 158, for comparison.
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followed by 600 A of evaporated AIN (Figure 4.11). This combination 
withstood temperatures as high as 1150c,C and produced the lowest 
resistivity ever recorded from tin-implanted GaAs (see following 
sections). This double-layer cap provides a more reproducible and 
reliable method for protecting the GaAs surface during high temperature 
annealing than a single layer of AIN or SiaN<,. The CVD Si3N* layers fail 
at temperatures of 950°C or above when used alone. Finally, unlike the 
case of Si3N*. the presence of oxygen in the AIN layers seems not to 
significantly affect the quality of the layer as an encapsulant.
Figure 4.11 shows a typical Rutherford Backscattering spectrum obtained 
from the double-layer encapsulant adopted in this study. The thickness 
of the Si3N^ is found to be very critical and should not exceed 300-400A. 
In such a case, the double-layer cap failed at temperatures greater than 
950°C, typical of Si3N^ films.
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Figure 4.11: RBS spectrum of 1.5 MeV helium ions backscattered
from the double-layer encapsulant (Si3Ni» + AIN) on carbon used to 
anneal Sn'*' - and Se-*- -implanted GaAs.
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4.3 Sheet Electrical Properties of 5n- and Se-imolanted Bafts
4.3.1 Sinole Graphite Strip Heater (SG5H)
a) Selenium Implants
The choice of selenium to test the encapsulants is due to the fact that 
there is much published data on selenium implanted GaAs for a comparison 
to be made. Furthermore, the ion implantation group has published a 
number of papers on Se-*--implanted gallium arsenide using the same 
techniques of encapsulating with CVD Si3N<+ and pulse annealing with the 
single GSH and the electron beam. However, a direct comparison between 
the evaporated AIN and the CVD Si3N*. was possible only for annealing
temperatures lower than 950°C. This was due to the fact that CVD Si3N^
failed at higher temperatures. Furthermore, comparable electrical 
properties were measured from low dose Se-**-implanted GaAs, but in the 
case of higher doses (> lO1^ Severn-2), which required higher annealing 
temperatures (> 950oC), very encouraging results (64) were measured only 
with the evaporated AIN encapsulant. These results are presented later 
in this section.
A set of samples implanted with 1 x 101® cm“e of 200 keV selenium ions at 
room temperature was encapsulated with CVD SisN^ and thermal pulse
annealed using the single graphite strip heater. The sheet electrical 
properties were then measured as a function of annealing temperature 
(Figure 4.12). It was found that the sheet electron concentration 
increased with increasing temperature up to 950°C but higher temperatures 
produced a lower value. The latter is suggested to be the result of the 
partial failure of the encapsulant. It should be noted that this 
experiment was performed using annealing times sufficiently long that the 
electrical properties do not depend on annealing time (95,96). For
temperatures below 950°C, Figure 4.12 allows an activation energy of 1.3 
± 0.1 eV to be calculated which is similar to previously published data
(73). Figure 4.12 also indicates that to get a percentage electrical 
activity of the order of 10*/., an annealing temperature of about 1050°C is 
necessary. At the same time, a better and perhaps different encapsulant 
is required. Thus, we have developed the use of Si3N*. plus AIN 
(65,69-71).
Doses in the range 1 x lO1^ - 10l® cm"E of 300 keV selenium-implanted at 
room temperature have been annealed using the single graphite strip 
heater at a temperature of 1000°C and for a total annealing time of 22
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Figure 4.12: Sheet electrical properties as a function of inverse
annealing temperature for demonstrating the failure of the CVD 
Si3N* cap at temperatures above 950°C. LDose = 1 x 101S Se+/cme t 
Energy = 200 keV> and Implant Temperature = room temperature].
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seconds (which includes the rise time, (Figure 4.13)). The encapsulant 
used was a thin layer of evaporated AIN. The sheet electrical properties 
have been measured as function of implantation dose, and summarised in 
Table 4.1. The sheet electrical concentration has increased from a value 
of 5.7 x 1013 cm"s to a maximum of 1.1 x lO1^ cm“e, corresponding to 
doses of 1 x 101* cm~B and 1 x 101=s cm"s , respectively; the sheet 
resistivity however, decreased from about 100 Q/d to 70 0/D . The
results thus obtained are shown in Figure 4.14 and demonstrate clearly 
the usefulness of evaporated AIN at the annealing temperature of 1000°C.
From the previous results, the sheet carrier concentration measured on 
Se* implanted GaAs increased with increasing ion dose for the annealing 
temperature of 1000°C and for a given annealing time of EE seconds. 
However, the electrical activation decreased (from 57*/. to 10*/.) with 
increasing ion dose. This suggested that the high doses required higher 
annealing temperatures and/or longer annealing times to get better 
electrical activity. Table 4.E illustrates this fact for annealing 
temperatures of 850c'C and 1050°C and for total annealing times as 
indicated. The encapsulant was a thin layer of evaporated AIN.
Sample 
No.
Ion Dose 
(1 x 101* 
Se-* /cm3 )
Sheet 
Resistivi ty 
( Q / n  )
Hall Mobility 
<cm3/Vs)
Sheet Carrier 
Concentration 
(cm“s)
Electrical 
Act ivity 
(*/.)
4S7 1 95 1E00 5.70 x 1013 57
4EB E 86 1180 6.SO x 1013 31
4E9 4 85 1040 7.10 x 1013 18
430 5 80 1050 8.SO x 1013 16
431 6 63 1040 9.60 x 1013 16
43E 8 68 1170 9.80 x 1013 IE
433 10 73 810 1.10 x 101* 10
Table 4.1 Sheet electrical properties of 300 keV Se-*- implanted GaAs 
as a function of ion dose. All the samples were 
implanted at room temperature and thermal pulse annealed 
at a temperature of 1000°C for a time of EE seconds which 
includes the warm-up time. The encapsulant was a thin 
layer of evaporated Aluminium Nitride ( ~ 600 A).
From the results so far, the electrical activity for a given dose 
increased with annealing temperature. For example, for a dose of 1 x 
lO1^ SeVcrn3 , the electrical activity increased from 4’/. to 57*/. when the 
annealing temperature increased from 850°C to 1000°C. Furthermore, the 
electrical activity increased with annealing time for a given temperature 
and a given dose. For instance, when a dose of 8 x lO1* SeVcrn3 was
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annealed at a temperature of 1000°C for £0 and EE seconds* the electrical 
activities were 7Y, and !£*/.» respectively.
I_)
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Figure 4.13: Temperature/time excursion for the single graphite
strip heater (old system).
Ion Dose 
<cm-E)
Anneal
Temp
(°C)
Anneal
Time
(s)
Sheet 
Resis­
tivity 
( Cl/D )
Hall 
Mobi 1 i ty 
(cmE/Vs)
Sheet Carrier 
Concentration 
(cm-2)
Electr ica 
Activi ty 
<•/.)
1 X
ii1 
i
1 
H
1 o
 
11
850 E3 975 1174 3.50 X 10ie 4
1000 EE 95 1090 5.70 X 1013 57
5 x o * 850 300 E00 1790 1.80 X i 0 i3 4
1000 EE 79 1050 8. E0 X 1013 16
7 x o £
1
850 50 E00 1E70 E.50 X 1 0 i3 4
950 45 75 1160 7.00 X 1013 10
1000 EE 65 1100 9.70 X 1013 14
B x 101* 900 30 180 1E30 E.90 X 1013 4
1000 E0 96 1170 5.60 X 1Q13 7
1000 EE 70 1050 9.80 X 1013 IE
1 X 101S 950 30 EE5 1300 E.E0 X 1013 E
1000 15 91 870 7.90 X 1Q13 8
1000 18 76 830 9.80 X 1013 10
1000 EE 73 810 1.10 X 101* 10
1050 E0 37 800 1.40 X 101* 14
* The annealing time includes the warm-up time as 
indicated in Figure 4.13.
Table 4.E: Annealing temperature and time dependence of the
electrical properties of 300 keV selenium implanted 
GaAs with doses of 1» 5, 7, 8 x lO1^ and 1 x 101=
ions/cmE at room temperature. All samples were coated 
with evaporated AIN and thermal pulse annealed using 
the G5H described in Chapter 3.
71
UJ
u
o
f-
CQ
o
UJ
to
IMPLANTATION DOSE (cm-2).
Figure 4.14: Sheet electrical properties versus Se*- ion dose,
annealed using the single GSH and AIN as a cap.
b) Tin Implants
Samples implanted with tin ions at an energy of 300 keV and at room 
temperature with doses in the range 1 x 1013 to 2 x 101<b cm_E have also 
been thermal pulse annealed using the single graphite strip heater at a 
temperature of 1000°C and for a total time of 22 seconds. Figure 4.15 
illustrates the results presented in Table 4.3, where a maximum
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electrical activity is recorded for a dose lower than 1 x 101,c* Sn’V c m 3 , 
indicating that an annealing temperature of 1000°C for very short times 
is enough to obtain 100*/. activity. However, higher doses necessitate 
higher annealing temperatures and/or longer annealing times. To clarify 
this point, the effect of annealing time and annealing temperature was 
studied and the results are presented below.
The effect of high annealing temperatures on the electrical properties 
measured on a dose of 1 x 10x** S n V c m 3 (300 keV, RT) is presented in 
Table 4.4, where the electrical activity increased with increasing 
temperature. It can be deduced from the table that full activation of a 
given dose is strongly dependent on the annealing temperature used. For 
instance, 100*/. electrical activity was measured for a dose of 5 x 1013 
Sn^/cm3 after a heat treatment at temperature of 900c,C whereas, an 850°C 
anneal produced only 24*/.. However, more than 100*/. activity was measured 
when these low doses (< 1 x 10X£> cm-2) were annealed at high temperatures 
(> RSO^C for 5 x 1013 S n V c m 3 and > 1100°C for 1 x 10x'+ Sn+/cm2 ). This 
over doping phenomenon could be due to an indiffusion of silicon from the 
thin Si3N^ cap. Hence, this effect dopes the surface of the GaAs n-type 
and therefore adds a maximum 5 x 1013 cm"e in the case of the lO1^ cm"2 
dose and less than this value in the case of the 5 x 1013 cm-3 dose. 
This point will be discussed further in Chapter 5.
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Figure 4.15: Percentage electrical activity as a function of ion
dose for 300 keV Sn"*"-implanted GaAs annealed at 1000°C for 22 
seconds. Implant temperature = RT.
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Ion
Dose
(Sn'Vcm3 )
Sheet 
Resistivity 
( 0/0 )
Hall 
Mobi1ity 
(cmE/Vs)
Sheet Carrier 
Concentration 
(cm“E )
Electrical
Activity
(*/.)
6 x 1013 69 E300 6.00 x 1013 100
1 x 10l* 53 E080 5.70 x 1013 57
5 x 101* 31 1550 1.10 x 10l* EE
5 x 10ie5 54 1330 8.64 x 1013 E
E x 101* 60 1750 5.96 x 1013 0.3
Table 4.3: Sheet electrical properties of 300 keV/RT Srr*'
implanted with a dose in the range 6 x 1013 - E x  
101<b cm“E and annealed at 1000°C for a total 
time of EE seconds.
Anneal Anneal Sheet Hall Sheet Carrier Electrical
Temp Time Resistivity Mobility Concentration Activity
(c*C) (sec) ( Q / D  ) (cmE/Vs) (cm" E ) (*/,)
1 x 10 ** Sn+/cms (300
1—
 
01
BOO E00 8E5 1960 3.90 X 1Q1S 4
850 60 EEO 1940 1.50 X 1Q13 15
900 30 135 1980 S.90 X 1Q13 30
950 60 77 EE60 3.60 X 1013 36
1000 EO 53 E080 5.70 X 1013 57
1050 SO 83 860 8.80 X 1013 88
1100 EO 51 7E0 1.50 X 101* 150*
5 x 1013 Sn-/cmE (300, RT)
850 130 130 41E5 1 .SO X 1013 34
900 130 69 1500 5.00 X 1Q13 100
950 130 ISO 890 6.00 X 1013 lis*
1000 30 85 1070 6.90 X 1Q13 137*
1050 5 E30 340 8.00 X 1013 160*
*More than 100*/. activity probably due to extra carriers coming 
from Si diffusing from the Si3tvU cap.
Table 4.4: Effect of annealing temperature and time on the sheet
values measured from 1 x 101* Sn"*VcmE and 5 x 1013 
Sn'Vcm3 (300 keV, RT).
The effect of annealing time on the electrical properties of 5 x lO1^ 
Sn^/cm3 (300 keV, RT) where the annealing temperature was 1000°C is 
summarised in Table 4.5. In this case? a saturation stage can be reached 
and for higher efficiency, a higher annealing temperature is required.
So far, the electrical properties have been shown to depend strongly on 
the annealing temperature, the annealing time, the implantation dose, and 
the ion energy. For instance, the sheet carrier concentration increased 
with an increase in the implantation dose for a given annealing 
temperature and time. Furthermore, for a given dose and temperature, the 
activity increased with increasing annealing time and saturated at a 
plateau value, which itself increased with increasing temperature.
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To better understand the effect of annealing temperature and annealing 
time on electrical properties? a dose of 1 x lO1^ Se^/cm2 and 1 x lO1^ 
Sn^/cm2 implanted into GaAs at 300 keV and room temperature was annealed 
at temperatures in the range 700-1150°C for annealing times varying 
between 0-200 seconds using the single or double graphite strip heater 
and Si3l\U or evaporated AIN or their combination as cap. It is worth 
mentioning at this point that there is a need to accurately control and 
measure the actual sample temperature before a study of the 
above-mentioned effects can be carried out. To do so? following the 
initial results obtained from 1 x 101** Se*7cm2 and the preliminary 
results obtained from the same experiment done on 1 x 101,Ct Sn^/cm2 into 
GaAs (134)? it had been found necessary to use a double graphite strip 
heater (71) which is capable of providing better control of temperature 
and time and improved reproducibility and reliability. It is also 
important to use a suitable encapsulant (evaporated AIN or the 
double-layer SiaN^/AlN cap for annealing temperatures above 900°C).
Annealing 
Time 
(secs)
Sheet 
Resistivity 
( 0/D )
Hall 
Mobi1ity 
(cm2/Vs)
Sheet Carrier 
Concentrat ion 
(cm-2)
Electrical
Activity
(’/.)
3 120 1540 3.30 x 1013 7
10 73 1550 5.60 x 1013 11
15 69 1160 7.80 x 1013 16
20 54 1330 8.60 x 1013 17
30 40 1530 1.00 x 1013 21
40 30 1830 1.10 x 101* 22
Table 4.5: Sheet values 
1000°C of a
versus annealing 
dose of 5 x 10*
time at a temperature of 
* Sn-Vcm2 (300 keV, RT)
using the single GSH and evaporated AIN as cap.
The time shown does not include the warm-up time which 
was about 17 seconds.
c) Substrate Implantation Temperature Effects
The effect of substrate temperature during implantation on the electrical 
properties has also been studied for two doses of 1 x lO1^ Sn'Vcm2 and 5 
x lO1^ Sn'Vcm2 both implanted at an energy of 300 keV. The substrate 
temperature during implantation was 200°C, 100°C and RT as indicated in
Table 4.6, which summarises the results obtained after heat treatments at 
temperatures of 850 and 1000°C using the single graphite strip heater.
No significant difference has been observed in the electrical properties 
measured from hot implants (200°C and 100°C) and room temperature 
implants (RT), when annealed at high annealing temperatures. However, 
better mobilities can be measured from a hot implant compared to a cold
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implant when the annealing temperature is lower than 900°C and/or when 
the annealing time is short. Only a small difference is observed when 
short annealing times are used. However, for longer annealing times, 
saturation values were reached and no significant difference was recorded 
for the hot and cold 5 x 101,£> S n V c m 3 implants.
Substrate Annealing Sheet Hall Sheet Carrier Electrical
Temp. Temp/Time Resistivity Mobility Concentration Activity 
(^C) (°C/sec) ( 0/D ) <cms/Vs) (cm“E ) <*/,)
1 x lO1^ Sn-V300 keV
RT 1000/20 73 1550 5.60 X 1013 56
200 1000/20 53 2080 5.60 X 1013 56
200 1000/20 57 2080 5.30 X 1Q13 53
5 x lO1^ Sn^/300 keV
RT 1000/30 43 1550 9.40 X 1013 19
200 1000/30 40 1790 8.80 X 1Q13 IB
100 1000/30 38 1770 9.30 X 1013 19
RT 1000/45 40 1530 1.00 X lO1^ 21
200 1000/45 41 1420 1.10 X lO1^ 22
RT 850/100 74 1850 4.50 X 1Q13 9
200 850/100 72 2050 4.30 X 1Q13 9
Table 4.6: Effect of substrate implantation temperature on
electrical sheet values.
4-3.2 Multiscanned Electron Beam Annealing (EBA)
a) Anneal Time Dependence of 5 x 101* Se"VcmE
As in the case of the single graphite strip annealing, a dose of 5 x 101,Cf 
Se'Vcm3 implanted at 300 keV and room temperature has also been annealed 
using the electron beam annealer described in Chapter 3. The annealing 
temperature was estimated to be 950°C using the calculated temperature 
versus time in Figure 3.7. The power used was 32 W/cms and the samples 
were coated with aquadag on the non-implanted side to minimise the heat 
loss. All the samples were also encapsulated with evaporated AIN. Table
4.7 summarises the results obtained and shows that the electrical 
activity increases with time for a given annealing temperature, up to 100 
seconds at which the electrical properties start to degrade - indicating 
failure of the encapsulant. This is so, because the quality of the 
evaporated AIN is difficult to control as was discussed in Chapter 3. 
Nevertheless, considering the first three samples in Table 4.7, the 
electrical efficiency increased from a value of 5’/. to 11*/. when the 
annealing time increased from 25 to 55 seconds. The anneal time included 
a rise time of approximately 5 seconds as shown in Figure 3.7.
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Sample
Number
Anneal
Time
(secs)
Sheet 
Resistivity 
( Cl/D )
Hall 
Mobi1ity 
(cm3/Vs)
Sheet Carrier 
Concentration 
(cm-3)
Electrica 
Activity 
(’/.)
141/4 85 193 1340 2.40 x 1013 5
141/7 35 113 1160 4.80 x 1013 10
141/8 55 107 1110 5.30 x 1013 11
141/1 105 132 1210 3.90 x 1013 8
141/9 205 472 1950 6.80 x 1013 1
Table 4.7: Electrical properties of 5 x 
of annealing time 950°C (EBA,
lO1^ Se'Vcm3 as a 
32 W/cm3 ).
function
b) Annealing Time Dependence of 5 x 101* SnVcme
A dose of 5 x lO1^ Sn'Vcm3 , implanted at an energy of 300 keV and at a 
temperature of 200°C was annealed at a temperature of 950°C for a time 
increasing from 5 seconds to 300 seconds using the EBA apparatus. Table
4.8 summarises the results obtained and indicates that the electrical 
activity increases with increasing annealing time. Hence, the electrical 
properties improved when the time increased from 3 to 300 seconds. 
However, a maximum electrical activity of only 16'/. was obtained when 
annealing at a temperature of 950°C. Therefore, to obtain better 
electrical properties from a high dose, higher annealing temperatures are 
required. This is demonstrated in the following section which describes 
the dependence of electrical properties of tin-implanted GaAs as a 
function of annealing temperature.
Anneal 
Temp 
(° C)
Anneal
Time
(secs)
Sheet 
Resistivity 
( ft/n )
Hall 
Mobi1ity 
(cm3/Vs)
Sheet Carrier 
Concentration 
(cm"3 )
Electrical
Activity
('/.)
950 3 254 1310 1.90 x 1013 4
950 30 104 2220 2.70 x 1013 5
950 100 71 2170 4.30 x 1013 9
950 300 84 930 8.00 x 1013 16
Table 4.8: Electrical properties as a function of annealing time
when 5 x lO1^ Sn'Vcm3 (300 keV, £00c,C) is annealed on 
the EBA with a power 32 W/cmE (~ 950°C).
c) Annealing Temperature (Power Density) Dependence of the Electrical 
Properties of 1 x 101S Sn-/300 keV/£00°C
The samples implanted with a dose of 1 x 101S S n V c m 3 at an energy of 300 
keV and at a temperature of 200°C were annealed using the electron beam 
annealer at temperatures ranging from 700c,C to 950°C. Table 4.9 gives a
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summary of the electrical properties obtained. The same results are
plotted in Figure 4.16 from which an activation energy of 1.17 eV was
calculated. This is comparable to the activation energy measured for
selenium implants discussed earlier. It can be noticed that again, the
electrical activity increases with increasing annealing temperature and 
that a 100'/. activity can be achieved with an annealing temperature 
greater than 1000°C
Estimated 
Annealing 
Temperature 
<c‘C)
1000/T
(K-1)
Sheet
Resistivity
( ci/n )
Hall 
Mobi1ity 
<cma/Vs)
Sheet Carrier 
Concentration 
(cm-2)
Electrical
Activity
(•/.)
700 1.028 210 1860 6.40 x 10ia 1
750 0.978 130 1660 1.60 x l0i3 2
800 0.932 94 2240 3.60 x 1013 3
850 0.891 73 1690 5.10 x l0 i3 5
900 0.853 64 2030 9.10 x 1013 9
950 0.818 53 1900 1.10 x 101* 11
Table 4.9: Sheet electrical values as function of the annealing
temperature, measured from 1 x 101S S n V c m 3 (300 keV,
200c'C) annealed on the EBA and using AIN as cap.
4.3.3 Incoherent Light Annealer (ILA)
Sn-implanted GaAs encapsulated with the double-layer encapsulant has been 
annealed using the incoherent light annealer described in Chapter 3. The 
results include the investigation into the electrical, crystallographic 
and microstructural properties of the implanted layers using the Hall 
effect and the layer removal techniques, Rutherford backscattering 
analysis (RBS), TEM and SIMS. The investigations were performed on three 
2" wafers of undoped semi-insulating (100) GaAs which was implanted with 
a dose in the range 1 x lO1*^ - 1 x 101S S n V c m 3 at room temperature using 
an ion energy of 300 keV in a non-channelling direction as described in 
Chapter 3.
Temperature and time dependance of electrical properties measured from 1 
x 101*, 5 x 101* and 1 x 10les S n V c m 2 implanted GaAs are presented in
Figure 4.17 and Figure 4.18. Some of these samples were selected for the 
differential Hall effect and layer removal measurements and the results 
are presented in Table 4.10 and Table 4.11 whilst some samples were 
investigated using the SIMS and TEM techniques. However, the results 
obtained from the latter analyses will be presented separately in 
Sections 4.4.2 and 4.4.3 of this chapter.
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Figure 4.16: Sheet electrical properties as a function of inverse
annealing temperature for a dose of 1 x 1015 Sn'V3001<eV/£O0c’C 
annealed using the EBA and AIN as a cap.
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: Electrical 
: Activity 
: a* (*/.) F
Sheet 
Mobi1ity 
m. (cms/Vs)
Sheet
Resistivity
jy ( 0/□ )
DOSE T x T e t 3 T x T e T 3 T x  T s  T 3
<cm~a )
1 x 101* 19 39 60 1740 1730 1830 190 94 57
5 x 101* 11 18 21 1370 1500 1600 82 46 37
1 x 101S5 6 8 9 1340 1249 1510 85 64 57
~Ti = 1000°C/5s Te = 1000°C/30s T3 = 1100°C/2s
Table 4.10: Average values of electrical activity? at > sheet
mobility? Hw ? and sheet resistivity? P„? as a
function of ion dose and annealing conditions.
Electrical Sheet Sheet
Activity Mobility Resistivity
at <*/.) F» (cms/Vs) j** ( 0/D )
DOSE
<cm~E )
T x T e T a T x T e t3 T x T s T a
1 x 101* 71 130 1730 460 50 102
5 x 10 - 20 78 - 1600 450 - 37 35
1 x 1015 29 — 91 1230 — 730 28 — 9
*Ti = 1090°C/5s Te = 1100°C/5s T3 = 1150°C/5s
Table 4.11: Average values of electrical activity? a«. sheet
mobility? H«? and sheet resistivity? P*,? as a 
function of ion dose and annealing conditions.
Samples implanted with a dose of 1 x lO1^ Sn^cm-3 and annealed at B50°C 
for 5 seconds and at 900°C for 20 seconds? showed poor electrical 
properties. For example? the measured values of activity? sheet mobility 
and sheet resistivity for these samples were 5’/? 1500 cm~"s/Vs and 7.B
kO/O ? and 6*/.? 1290 cma/Vs and 830 0/Q ? respectively. A comparison of 
these values with those tabulated in Tables 4.10 and 4.11 for other 
annealing conditions (Figures 4.17 and 4.18)? shows that the activity 
again increases with increasing temperature. After annealing at 850°C 
and 900°C? the activity is poor because of the high degree of lattice 
disorder remaining (see TEM results)? which is consistent with the low 
values of electron mobility. Anneals at 1000c,C for 30 seconds and 1100°C 
for 2 seconds? however? produce 39*/. and 60*/. activities? respectively. 
When longer times and higher temperatures were used? higher activity was 
obtained for all three doses (see Table 4.11).
The electron concentration and mobility profiles as a function of depth 
for the samples have also been measured but the results are presented in 
the discussion of results relative to the production of n+ layers.
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Figure 4.17: Sheet carrier concentration and Hall mobility as a
function of annealing time for a temperature of 1000c,C using the 
incoherent light heater and the double-layer Si3N<./AlN encapsulant. 
Unlike the case of the double GSH» the activity in this case 
increases with increasing time showing that the sample has a lag 
time behind the control thermocouple. (See also Figure 4.21 for the 
case of the single GSH).
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Figure 4.18: Maximum electron concentration versus inverse
temperature for 1 x 101S Sn^cm"52 (o) and 1 x lO1^ Sn^cm""2 ( • ) 
using the ILA. The dotted line is obtained using the double 
graphite strip heater for comparison (1 x 101* Bn^cm-^).
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4.3.4 Double Graphite Strip Heater (DG5H)
This section describes electrical properties achieved after using the 
double GSH and compares them to those obtained using the single GSH. It 
will be demonstrated that such a system can be successful in achieving 
high electrical activities from high dose implants provided that a 
suitable encapsulant is used. Furthermore} the accurate measurement of 
annealing temperature and annealing time} combined with the reliable 
encapsulation techniques described earlier allowed the attainment of the 
results presented , in Section 4.5} where a model for the annealing 
mechanism of 1 x lO1^ Sn^/300/RT? implanted into GaAs is presented. The 
improvements to the original graphite strip heater and the description of 
the double graphite strip heater have been presented in Chapter 3. The 
procedure adopted for measuring the temperature and time has also been 
described and Figure 3.4 summarises the results of the temperature-time 
excursions for an annealing temperature of nominally 1000°C.
Comparison between the single and double graphite strip heaters is 
presented here through the temperatures recorded during the annealing 
process. As described in Chapter 3} Ti (or Ts in the chapter)} is a 
thermocouple embedded within the graphite strip and used to control the 
temperature in the double graphite strip heater. T3 is a thermocouple 
placed in the aii— space between the strips and records the sample 
temperature within ±2°C over an area of about 2 cm x 2 cm at the centre 
of the graphite. T&} however} corresponds to the control temperature of 
the original system which employed a single graphite strip. This is the 
reported temperature of the sample in our publications where the single 
graphite strip heater was used. In this investigation} the sample 
temperature has been measured using the TB thermocouple. Depending on 
the thermal contact between the graphite strip and the sample} the 
difference between T* and Ts could be as large as 20°C. To illustrate 
this point and compare it to the double graphite strip? the 
temperature-time excursion has been monitored and recorded for both the 
single and double graphite strip heaters. Figure 4.19} shows the 
temperature measured using Ti as a function of T3 to illustrate the 
difference between the control temperature and the actual sample 
temperature using the double graphite strip} and Ti versus T* to 
illustrate the difference in temperature control in both cases} and 
subsequently} to compare the actual temperature of the sample in the 
single and double graphite strip heaters. It can be seen that a 
difference of about 50°C has been recorded between Ti and T3. T3 is the
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reported sample temperature in the case of the double graphite strip. 
The difference between Ti and T*, however, is temperature dependant and 
decreases with increasing temperature. No difference is observed for 
temperatures around 1000°C. The temperature, T*» has a lag time relative 
to Ti. Thus, all temperatures have been recorded at times longer than 
the said lag time. This figure gives a calibration plot between the 
single and the double graphite strip heaters.
1100
900
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y o
Q.S 400
300
300 400 500 600 700 800 900 1000 1100
CONTROL TEMPERATURE [ T, , T2 ] (°C ).
Figure 4.19: Sample temperature versus control temperature
measured on the single and double graphite strip heaters using the 
thermocouple emplacements as indicated in Figure 3.3 of Chapter 3  .
[---  Desired Temperature ; oo Sample Temperature when placed
between the two strips of the double GSH (T3 or T*»); ■■ Sample
temperature obtained using the single GSH (Ts ). The figure shows 
that the sample temperature for the double GSH approaches the 
desired temperature especially at high temperatures. By 
comparison, the sample temperature for the single GSH is lower by 
up to 50°C in the temperature range of interest. Note that all 
tnree temperatures are identical above 1000°C.3
Although a difference of up to 50°C has been observed between Ts and T&, 
especially at lower temperatures, for higher temperatures, the difference 
becomes very small as indicated in Figure 4.19. The total uncertainty in 
temperature measurements has been estimated to be ±5°C for the single 
GSH. In the case of the double GSH however, the uncertainty is believed 
to be smaller in magnitude, perhaps about ±2°C. This difference is 
variable due to the relatively long lag time (up to 10 seconds) of the 
sample temperature behind the control temperature, especially at low 
temperatures. From this experiment, it has been established that even 
samples placed between the two strips lag behind the graphite strip 
(Ti/Te ) but only by about two seconds. Consequently, there is no 
overshoot of the sample’s temperature in the case of the double GSH. 
Under these conditions, the temperature reached is within ±2°C of the 
control temperature, Ti (or Te ).
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Figure 4.20: Comparison of sheet electron concentration for single
<■) and double ( + ) graphite strip heaters for 1 x 101** Sn'Vcm2 
(300keV, RT). Numbers refer to the number of samples measured. 
The cap used was Si3N^ + AIN.
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Figure 4.20 contains the sheet electron concentration as a function of 
temperature for samples implanted with 1 x 101** cm"2 of 300 keV tin ions. 
Samples were annealed either on a single graphite strip or within the 
double strip using the improved double layer cap. As can be noted from 
this figure, the variation in the temperature for the single GSH produced 
variable electrical properties even though the control thermocouple (Ts ) 
recorded the same temperature. The two lines drawn in Figure 4.20 are 
displaced from one another by about 25°C, although some points are 
displaced by up to 50°C in accord with the results of Figure 3.4. An 
activation energy of 1.1 ± 0.1 eV has been obtained for both lines.
In order to confirm a temperature difference (T^ - Ts ), various pairs of 
samples were annealed together at a control temperature, Ti (Table 4.12). 
By comparing the resistivity or percentage electrical activity, higher 
activity occurs for samples within the two graphite strips which is 
consistent with the temperature, Ta (Tif) being higher than Ts .
Dose
(cm“s )
Tx/tr/td
( fife ) (cma/Vs)
N
(cm
1.
i 's)
a t
m
1 X 101* Sn/300 keV 1000/7/10(Te>) 162 1744 2.21 X 1013 22
1000/7/10(T*) 58 1931 5.49 X 10i3 55
5 X 101* Sn/300 keV 1100/10/1( T o ) 79 2179 3.61 X 1013 7
1100/10/HT*) 31 1921 1.03 X 101* 21
5 X 101* Sn/300 keV 1000/7/10(Tss) 75 1416 5.89 X 1Q13 12
1000/7/10(T<J 52 1593 7 53 X l0 i3 15
1 X 10ls Sn/300 keV 1000/7/10(Tts) 69 1355 6.67 X 1013 7
1000/7/10(T*J 49 1244 1.01 X 101* 10
5 X 101* Se/400 keV 1000/5/5 ( T s ) 84 1470 5.04 X 1013 10
1000/5/5 <T*) 55 13B2 8.07 X 1013 16
1 X io*r Se/250 keV 1000/5/5 (Te ) 488 1741 7.30 X 101S 7
1000/5/5 (T«.) 233 1844 1.45 X 1Q13 15
Table 4.12: Sheet electrical properties of Sn“*" and Se-* implants in
GaAs annealed using the double (T^) and single ( T s )  
graphite strip heaters.
In order to appreciate better the difference between the two annealing 
techniques and to show the effect of the lag time mentioned above, the 
sheet carrier concentration measured from 1 x 101* S n V c m 2 has been 
plotted as a function of annealing time for a constant temperature of 
1000°C, using both the single and the double GSHs, shown in Figure 4.21. 
The carrier concentration increased with increasing annealing time and 
saturated after about 30 seconds. This maximum value however, is 
obtained with the double GSH with no time dependance. Despite the 
scatter in the data obtained using the single GSH, the increase in
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activity with annealing time is consistent with the lag time the sample 
experiences when annealed using the single GSH relative to the double 
graphite strip heater (see Figure 3.A of Chapter 3).
The differences between the use of the single and double graphite strip 
heaters is clearly demonstrated here and the latter has been found 
superior in terms of accuracy, uniformity and reproducibility of 
temperature measurements. The electrical data are consistent with the 
differences between the two types of heaters. This will be discussed 
further in the next section.
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Figure A.21: Sheet electron carrier concentration as a function of
annealing time at a temperature of 1000c,C for the single (o) and 
the double (•) graphite strip heaters. The scatter of data for the 
single GSH is due to thermal contact between the strip and the 
sample as well as to the discrepancy between reported (control) and 
actual sample temperatures. Note that in the case of the single 
GSH, the sheet carrier concentration saturated at a value 
approximately equal to that of the double GSH (within experimental 
error), with a lag time of about 10 seconds.
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4.4 Carrier and Atomic Distribution of 5e- and 5n-imolanted Gafts
4-4.1 n~*~- Layers
In this section, the results obtained from transiently annealing selenium 
and tin implanted GaAs for the purpose of achieving the highest possible 
electron concentration , are summarised. Part of the results in this 
experiment have been selected from the numerous profiles obtained from
the samples used in Sections 4.S and 4.3. Therefore, the annealing
methods used are the single as well as the double graphite strip heater, 
the electron beam, and the incoherent light heaters. Furthermore, the 
encapsulants used have been either CVD SiaN<+, evaporated AIN or the 
double-layer cap.
It is demonstrated that the use of the new encapsulating AIN layers to
transiently anneal high-dose Se and Sn implanted into GaAs can achieve
high electrical activities and consequently, high peak carrier 
concentrations of the order 9 x 101B cm-3. It is also demonstrated that 
provided a suitable encapsulant is used, the three transient annealing 
techniques used are equivalent in terms of achieving high peak electron 
concentrations from high dose implants. The differences in electron 
mobilities and profiles for tin and selenium implanted layers and the
effect of the starting substrate material are presented and further
discussion of these appears in Chapter 5. However, in order to explain 
the results obtained, other investigation techniques have been performed 
on selenium and tin implanted GaAs before and after the heat treatment 
process. These are also presented in this section and include RBS, SIMS, 
and TEM analyses. The results obtained from these techniques have been 
found useful in explaining some of the electrical results. For example, 
the electrical carrier concentration profiles and the atomic profiles 
obtained from the SIMS analysis are compared. Some of the results
presented in this section will be used to explain or back-up some results
presented in the next section.
a) Selenium Profiles
Some samples used in Table 4.1 and Table 4.7 have been profiled to assess 
the distribution of the carrier concentration and the mobility with depth 
as described in Chapter 3. The electron concentration profiles of 
Figures 4.22-4.26 give a summary of the results obtained using the single 
graphite strip heater and the electron beam to anneal high doses ( 1 x
lO1^ - 1 x 101S ions cm~s ) of SeVSOO keV/RT. The figures show that if
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the dose is sufficiently high and the temperature relatively low, then 
double peaks occur which become more pronounced as the dose increases 
from 1 x lO1** (Figure 4.22) to 5 x 10l* cm"e (Figure 4.26). Also, the 
peak electron concentration increases from 4-5 x 101B cm-3 for the lO1* 
cm"E dose, to B-9 x 101B cm"3 for a dose of 5 x lO1^ cm"E . Table 4.13 
summarises these results.
Figure 4.25 illustrates that the dwell time plays an important role and 
longer times at 1000°C for a dose of 5 x lO1* cm"E tend to provide more 
complete annealing so that a double peak distribution is no longer 
apparent. By reducing the temperature from 1000°C (Figure 4.23) to 950°C 
(Figure 4.26) for a dose of 5 x 101* cm~E , the double peak distribution 
becomes very pronounced due to a less complete anneal at the lower 
temperature and annealing for several minutes makes little difference to 
the profiles shown in Figure 4.26. The sheet resistivity for the 
presented profiles is about 100 0/D and 70 0/D for a dose of 101Z> and
101S Severn-3, respectively, for an annealing temperature of 1000°C (see 
Figure 4.14).
Ion Dose Electrical Maximum Carrier Depth Hall
(ions/cmE ) Activity Concentration (Fm) Mobility
(•/,) <101E cm"3 ) <cmE/Vs)
1st
Peak
2nd
Peak
1st
Peak
2nd
Peak
1 X 10 57 4.0 0.12 1400
2 x 101* 26 5.0 1.5 0.10 0.22 1000-1200
3 x 101* 14 4.0 3.0 0.10 0.22 900-1200
4 x 101* 17 7.0 2.0 0.10 0.22 900-1200
5 x 101* 14 8.0 4.0 0.10 0.20 900-1200
6 x 101* 12 7.5 2.0 0.10 0.22 800-1200
1 X l0i = 8 9.0 4.0 0.10 0.21 800-1200
Table 4.13: Maximum electrical properties for doses from 1 x 101,£f
to 1 x 101K S e V c m e pulse annealed on the GSH at a 
temperature of 1000°C for 22 seconds. Evaporated AIN 
was used as a cap.
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Figure 4.22: Carrier concentration and mobility profiles for doses
of 1 x 10ae Se*7cme (o) and 1 x 101<f SeVcrn2 (■) implanted at 300 
keV, RT and annealed using the single GSH at 1000°C for 40 and 22 
seconds, respectively, The cap used was evaporated AIN.
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Figure *t.£3: Carrier concentration and mobility as a function of
depth for ( •) 5 x 101* Se-/300/RT and (■) £ x 101* SeV300/RT 
annealed at 1000°C for £0 seconds total time using the single GSH. 
(AIN was used as encapsulant).
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Figure 4.24: Carrier concentration and mobility profiles for (■) 6
x lO1^ S e V c m 2 and CO) 3 x 10lif SeVcrn2 (300 keV, RT)» annealed at 
1000°C for 20 seconds total annealing time using the single GSH. 
(AIN was used as encapsulant).
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Figure 4.25: Carrier concentration and mobility profiles for 5 x
10** Se^/cm12 (300 keV, RT) annealed at 1000°C for 30 seconds (■<□) 
and 20 seconds (*,0 ) using the single GSH and AIN as an encapsulant.
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Figure 4.26: Electron concentration and mobility profiles for 5 x .
lO1* Severn-2, 300 keV, implanted at room temperature. Cap - AIN. 
Annealed using the multiply scanned electron beam annealer at a 
power density of 32 W cm“E = 950°C. Rp is the projected range.
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b) Tin Profiles
As with the results for selenium, tin implanted samples used in Section
4.2 and 4.3 have been profiled and representative results are presented 
here. The implantation details therefore remain as those presented in 
the above sections, and the annealing techniques include the single 
graphite strip heater, the double graphite heater and the incoherent 
light annealer. Figures 4.27 - 4.35 summarise the results obtained. The 
discussion of all these results will be presented in Chapter 5. However, 
some points are worth noting here. For instance, unlike the selenium 
profiles, the tin profiles do not have a double peak even for high doses 
annealed at low temperatures using the single graphite strip heater. As 
will be discussed in Chapter 5, tin implants produced the best sheet 
electrical properties (Figure 5.1). Thus, the lowest sheet resistivities 
are recorded for tin implants. . A dose of 1 x 101** Sn"cm"~s annealed at 
1000°C for 20 seconds produces an electron concentration of about 3 x 
10iecm~3 or 5 x 101Bcm"3 for implants at 200°C and room temperature, 
respectively (Figure 4.27). The sheet electrical properties for the 
implants are 55 0/D , 2070 cms/Vs and 5.5 x 1013cm~s for the sheet
resistivity, mobility and electron concentration, respectively. The 
difference in the profiles is that the hot implant produces a somewhat 
broader profile with a lower peak electron concentration which is thought 
to be due to radiation enhanced diffusion during implantation. By 
increasing the dose to 1 x 10lscm“s and by raising the temperature to 
1090°C, an electrical activity of 29'/. has been recorded with a peak 
electrical concentration of 8 x 101Qcm-3 (Figure 4.28). The sheet 
resistivity for this sample was 28 0/D . The 1 x 101<:tcm~E dose (Figure
4.28) has an electrical activity of 71'/. with an electron concentration of 
6-7 x 101Bcm""3 , which is an improvement compared with annealing at 1000c,C 
(Figure 4.27). As will be demonstrated with the SIMS results later in 
this section, an outdiffusion of tin has been observed along with a 
relatively small indiffusion. This effect can explain the high electron 
concentration present at the surface (e.g., Figures 4.28 and 4.30). This 
effect is more pronounced when using a different substrate material 
(Figure 4.31). More discussion will be presented in Chapter 5.
The effect of temperature on the profiles of high dose tin implants in 
GaAs is shown in Figures 4.31 - 4.33 for 1 x lO^cm-3 and 1 x 10lscm-s, 
300 keV. For 1 x 101£fcm_E, the peak electron concentration increased 
from about 2 x 101Bcm-3 to 5 x 101Bcm“3 to 9 x 101Bcm“3 when the 
temperature increased from 800 to 1090°C (Figure 4.32). Some semblance of
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a double peak profile is obtained for the B00°C anneal. This is due to
the incomplete annealing stage typical of the combination of high dose
and low temperature. Similar results have been obtained for these doses 
when a different GaAs substrate material was used. In this case however, 
the profiles had peaks close to the surface of the implanted layer which 
increased from 1 to 6 to 9 x 101Bcm”3 when the annealing temperature 
increased from 900 to 1000 and to 1100°C, respectively (Figure 4.31).
When a dose of 1 x 10lscm_s is used, the electron concentration profiles 
(shown in Figure A.33), have a double peak shape which is not as 
pronounced as in the case of selenium. The peak value however, increased 
from 3 x 101Bcm”3 to 9 x 101Bcm~3 , when the annealing temperature 
increased from 1000°C to 1090°C, respectively.
The annealing time effects on electron concentration profiles are 
important parameters because the shape of the profile is very much 
affected when high annealing temperatures are used. This effect is shown 
in Figures 4.34 and 4.35 for doses of 5 x 1014> and 1 x 101S cm“s of
Sn^/300 keV/RT, annealed using the single graphite strip heater and the
incoherent light annealer, respectively. Short (< 10s) annealing times 
produced the highest peak electron concentrations of 2 x 101*7 cm”3 and
1.3 x lO1*7 cm”3 for 5 x 1014> and 1 x 1013 cm-2, respectively, when
annealed at a temperature of 1000°C (Figures 4.34 and 4.35), with 
somewhat double peak profiles for the 1 x 101S Sn-*- cm-2 dose which
indicates incomplete annealing. The shapes of the profiles however, do 
not follow the Gaussian distribution in both cases. In contrast, longer 
annealing times (50-100 seconds) produced lower peak electron 
concentrations with no double peak. The profiles presented tails 
extending deeper into the substrate for annealing times longer than 40 
seconds (Figure 4.34). This point will be better illustrated when the 
SIMS atomic profiles are presented for comparison. It is however worth 
mentioning that for short annealing times, the maximum electron 
concentration obtained was in excess of 101,?cm”3 for both doses. This 
value decreased to 2.5 x 101Bcm“3 when the annealing time was extended 
beyond 40 seconds. The shape of the profiles changed with anneal time 
and were within the theoretical Gaussian curve except for the longer 
times. The peak position however, followed the solid phase epitaxial 
growth starting at the edge of the single crystal substrate and moved 
towards the surface when the annealing time increased from 10 to 300 
seconds. When an anneal time of 50 seconds was used, the profile
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obtained was a broadened Gaussian with a peak at about 0.12 Fm (Figure 
4.34). The peak carrier concentration was 4 x 10locm“3 . When the time 
was increased to 300 seconds? the profile developed two peaks - one at
2.5 x 101Q and another at 6 x 101-7 cm“3 , at depths of 0.04 and 0.2 Fm, 
respectively. This indicates the possibility of a significant 
re-distribution of the tin during heat-treatment.
From all these results? it seems that the highest electron concentration 
is obtained only by optimising both the annealing temperature and the 
annealing time. This peak carrier concentration is about 1 x lO^cm"3 . 
Finally? on average? the electron mobilities were greater than 1000 
cms/Vs. These mobility profiles are compared to the "theoretical" 
calculations (135) and shown by a solid line in Figure 4.27 for 
comparison. The discussion of these results will be found in Chapter 5.
c) Effect of Starting Material on the Profiles
The effect of the starting material on the electrical properties has also 
been studied. The experiment has been performed on three sets of samples 
cut from three wafers (WuWstWs) of semi-insulating undoped GaAs grown on 
the (100) direction. The starting resistivity was about 2 MO.cm for all 
three wafers. The wafers come from three different ingots. Small 
samples were cut from the wafers and characterised using the test 
described in Chapters 2 and 3. After heat-treatment on the graphite 
strip heater at a temperature of 900°C for 30 seconds? the SiaNU 
encapsulant was removed in HF and gold contacts were evaporated on two 
edges of the samples. Resistance measurements were then performed in the 
dark? using a high impedance electrometer. The dimensions of the samples 
were determined arid the resistance was converted to resistivity values? 
which were 2.0? 1.5? and 1.0 MO.cm for Wi? Wa ? and W3 ? respectively.
These indicate therefore that the three wafers are thermally stable up to 
a temperature of 900°C.
Samples from the three wafers have been implanted with tin at an energy 
of 300 keV and RT and annealed in the GSH using the double-layer cap. 
Electrical measurements were performed in order to determine the effect 
of the starting material on the electrical profiles. These are plotted 
in Figures 4.28? 4.31 and 4.34? for Wi? We ? and W3 ? respectively. A full 
comparison of these results is presented in Section 5.3.2 of the next 
chapter? where a conclusion is drawn on the stability of the starting 
material at temperatures higher than 900°C.
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Figure 4.27: Comparison of hot (#) and cold (■) implants of 300
keV Sn implants. Samples annealed with the" single graphite strip 
heater at 1000°C using an AIN cap. The theoretical atomic profile 
(LSS) is also shown.
98
-1020
ro
G
LJ
—  19 !< 10
c c
LU
o
101 8
D C
LU
cc
D C
6
.1017
CO
CNI
e
LJ
h - 10
CQ
O
REl
0 .1 . 2
Sn+
,15
o 1 x 1 0  1090°C 728/5
OA1x10 1090°C/28/5-=
4
D E P T H  l/Jui ).
Figure 4.28: Electron concentration and mobility profiles for 300
keV Sn implants annealed in the optical furnace at 1090c,C/2B/5. 
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Figure 4.£9: Electron concentration and mobility profiles for a
dose of 5 x 1013 Sn’V c m 62 300 keV implanted at room temperature and 
annealed using the single GSH at 900°C/130 seconds. Cap used was 
AIN.
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Figure 4.30: Electron concentration and mobility profiles for <«o)
1 x 101S Bn'Vcm2 and (■□) 2.6 x 101<b S n Vcm12 implanted at 300 keV 
and room temperature. Annealed in the single GSH at 1000°C/40 s 
using evaporated AIN as cap
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Figure 4.31: Electron concentration and mobility profiles for a
dose of 1 x lO1^ Sn't'cm“E» 300 keV implanted at room temperature and 
annealed using the incoherent light annealer. Annealing time and 
temperature are as indicated. Cap used was double-layer SigN*, plus 
AIN.
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Figure 4.32: Electron concentration and mobility profiles for 1 x
10*“* Sn‘+'cm~=, 300 keV implanted at room temperature. Cap used was 
the double-layer Si3N<* + AIN. Annealed using the incoherent light 
annealer at annealing times and temperatures indicated.
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Figure 4.33: Electron concentration and mobility profiles for a
dose of 1 x 10ies Sn^cm-52, 300 keV implanted at room temperature and 
annealed using the incoherent light annealer. Annealing times and 
temperatures are as indicated. Cap - Si3N* plus AIN.
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Figure 4.34: Electron concentration and mobility profiles for 5 x
10*^ Sn->‘cm“E » 300 keV implanted at room temperature annealed using 
the single graphite strip heater at a temperature of 850°C. 
Annealing times are as indicated. Cap used was SisN*.
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Figure 4.35: Electron concentration and mobility profiles for a
dose of 1 x 10xs Sn^cm-12* 300 keV implanted at room temperature and 
annealed using the incoherent light annealer. Annealing times and 
temperatures are as indicated. Cap used was the double layer 
encapsulantj Si3N^/AlN.
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4.4.S SIMS Results
The atomic distribution of 1 x lO1^, 5 x 101A and 1 x 101S Sn^cm-3
implanted into GaAs at an energy of 300 keV and at RT» has been studied) 
before and after annealing) using the SIMS technique. Table 4.14
summarises the results of this investigation) listing the percentage loss 
of tin as a function of ion dose and annealing temperature and time.
Figure 4.36 shows a set of tin concentration profiles as a function of 
depth for 1 x 101S Sn^cm"3 . A key to the annealing conditions is also
tabulated in this figure. A comparison of these profiles and a study of
Table 4.14 shows that redistribution of tin takes place during annealing)
the level of this redistribution being dependent on the annealing
conditions. In detail) the as-implanted tin concentration profile is
Gaussian in shape and shows a peak atomic concentration of about 9 x 101S 
cm-3 at a depth of about 880 A. This experimental value for the 
projected range> RpJ agrees well with a value of 870 A obtained from PRAL 
(Projected Range Algorithm)(19) but differs significantly from that 
calculated from LSS statistics which gives a value of only 730 A. As a 
result of annealing) the shape of the measured profile changes from 
Gaussian to a diffusion like profile. A significant outdiffusion is
apparent in Figure 4.36) producing a high concentration of tin at the
surface. There is also a relatively small amount of indiffusion which 
increases with time and temperature. The calculations based on the area 
under a curve to represent the amount of tin retained by the substrate 
following annealing indicate that about 35*/.) 51/.) and 6E*/. of the
implanted tin is lost during 1000°C/5S) 1000°C/30s and 1100c,C/8s anneals
respectively) for a dose of 1 x 10lscm~s . These numbers do not take into 
account the surface peaks as seen on the profiles of Figure 4.36 since
these may be an artefact of the SIMS measurement. Similar results were 
obtained for the other doses but to a lesser extent (see Table 4.14).
Dose
Sn^cm-3
PRAL/LSS 
Rp (A)
SIMS 
Rp (A)
1000°C/5s 1000°C/30s 1100c,C/£s
X M o * B70/730 880 11 15 17
5 x 101* 870/730 880 16 88 36
1 x 101B 870/730 880 35 51 68
Table 4.14: Percentage loss of tin as a function of ion
dose and annealing conditions (from SIMS 
analysis).
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Figure A.36: SIMS atomic profiles for tin-implanted GaAs with a
dose of 1 x 101S Sn""cm~E , 300 keV and RT. Annealed in the ILA 
using the double layer, SiaN<* + AIN, encapsulant.
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4.<+.3 TEM Results
The residual microstructure at various stages of ion implantation? 
encapsulation and transient annealing of tin and selenium implanted GaAs 
has been investigated by transmission electron microscopy (TEM)? using a 
JEOL 200 CX microscope. The TEM micrographs have been used only to 
- support the electrical properties observed for tin- and 
selenium-implanted layers.
Samples for TEM were prepared by mechanical polishing and chemical 
thinning from the back side of the samples? and the extent of damage in 
the ion implanted layers was investigated. This part of the work was 
done by Dr. M. Shahid therefore? only a very brief summary is given here 
in order to be used later to support the discussion of results.
Samples implanted at room temperature with a high dose (>1 x lO1** ions 
cm“E ) of Se and Sn ions at an energy of 300 keV at room temperature? show 
typically an extremely fine crystalline (less than a few Fm) surface 
layer (Figure 4.37(a)). Diffraction rings shown in the inset of this 
figure arise from the substrate because the electron beam passed through 
this material before leaving the implanted layer. This micrograph 
implies that the implanted GaAs surface layer was finely crystalline for 
both Sn and Se implants. During encapsulation of these samples with CVD 
SiaN* at a temperature of 635°C? some annealing took place but the 
residual damage in the crystallized surface is still very high. This 
effect is shown in Figure 4.37(b). Such a material is not electrically 
active and shows strain centres (approximately 200 Fm across at a density 
of about 10Bcm”e ) bounded by dislocation lines and loops (< 200 Fm in 
diameter at a density of about 10locm“e ). Annealing at higher 
temperatures ( up to 1100°C) produced the micrographs shown in Figures 
4.37(c-f). The strain centres of large dimensions disappeared and the 
only defects present are dislocation lines and loops of varying shapes 
and sizes. For example? the micrograph of Figure 4.37(e) shows a 
relatively low density (about 10ecm~s ) of dislocation lines and loops and 
relatively high density of fine damage centres in the background. At 
temperatures higher than 1000°C? the background of the micrographs is 
much clearer and relatively smaller numbers of fine damage centres are 
present (Figure 4.37(d)).
For a dose higher than 1 x 101^Sn'H/cms annealed at the same temperature 
(Figure 4.37(f))? the residual defects have larger concentration
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Figure 4.37: Dark and bright field TEM micrographs of tin-
and selenium-implanted GaAs at an energy of 300 keV and RT 
and annealed using the incoherent light annealer. Micrographs 
are from:- a) 1 x 1015 Sn /cm2 , showing the finely crystal­
line, as-implanted surface. The inset is the corresponding 
selected area diffraction pattern; b) 1 x 10'5 Sn /cm2 , 
partially annealed during deposition of Si3N 4 at 635°C;
c) 1 x 10' 4 Sn /cm2 , following a 900°C/50 s anneal;
d) 1 x 10'" Sn /cm2 , following a 1000°C/5 s anneal;
e) 1 x 10'5 Sn+/cm2, following a 1000°C/5 s anneal;
f) 1 x 1 0 "  Sn+/cm2 , following a 1000°C/23 s anneal. The
inset shows a higher magnification image of the centre 
portion in bright field (Different defects are indicated 
by the letters P and D); g) 1 x 10' 4 Se+/cm2 annealed at 
1040°C/11 s.
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Figure 4.38: (a) A scanning electron micrograph from a dose of
1 x 101 4 Sn + cm"2 (300 keV, RT) implant into GaAs , following a 
1000°C/5 s anneal showing square-shaped surface defects; (b) An 
electron microprobe X-ray spectrum from a square-shaped surface 
defect of Figure (a) above, showing a silicon peak; (c) An 
electron microprobe X-ray spectrum from a region away from the 
square-shaped defect of Figure (a), showing the absence of a 
silicon signal.
1 1 1
(approximately 1011 cm~E ) than for a dose of 1 x lO1^ cm-s. This
suggests that a higher annealing temperature is required in order to 
reduce the density of these defects to that of a lower dose (e.g., 
Figures 4.37(f) and (g)).
After removing the encapsulant from the samples annealed at high
temperatures} another type of defect has been observed at the surface. 
This is shown in Figure 4.30(a). Analysis in an electron microprobe
x-ray analyser (JEOL 35 CF) shows that these features are silicon-rich
because they produce a strong silicon x-ray signal which is not observed 
in regions away from these defects (Figure 4.38(b) and (c)). The density 
of these surface defects has been found to be higher by about an order of 
magnitude in the samples annealed at 1100°C than those annealed at 1000°C
4.4.4 RB5 Results
The crystal 1 inity of tin- and selenium-implanted GaAs samples before and 
after annealing, together with the as received material, has been 
assessed using the Rutherford backscattering analysis (RBS) technique 
described earlier in Chapter 3. In this case, the crystal perfection in 
the implanted layer has been estimated by comparison of the channelled 
and unchannelled yields. The damage parameter, Xmir,, is measured at the
minimum, just behind the damage peak. Figures 4.39 and 4.40 show the
channelled and random spectra obtained for 5 x 10*“* Se^/cm5 , and 5 x lO1^ 
Sn"H/cme , before and after annealing, using the GSH. The non-channel led 
spectrum was taken from a sample in a random direction where the yield of 
backscattering particles was maximum. The figures also show the "random" 
and channelled spectra from a "virgin" material to assess its as-received 
quality. A minimum value of 4*/* for Xmlri was determined for this 
material. Xmiri was also calculated for spectra presented in Figures 4.39 
and 4.40 and found to decrease from about 69'/. for the as-implanted 
material down to a value between 5 and 6*/» after annealing at a
temperature of 1000c,C for a short time or at 850°C for longer times.
Figure 4.39 shows the annealing of the damage created by a dose of 5 x 
101* S e V c m s implanted at 300 keV and RT, as a function of annealing time 
for an annealing temperature of 850°C in the single graphite strip
heater. Figure 4.40 however, shows the annealing of the damage as a 
function of annealing temperature for a dose of 5 x 101,(* Sn+/cma (300 
keV, RT). It can be concluded that provided the annealing temperature is 
high or the time is long enough, the damaged layer reverts back to a
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layer of crystal quality comparable to that of the as-received material 
for both Sn and Se implants in GaAs. A minimum yield in the range 4-5'/. 
was obtained for 1 x lO1* cm_e implanted layers after annealing at a 
temperature of 1000°C or higher. However» damage surface peaks were 
observed for the lower temperature anneals (see Figures 4.39 and 4.40).
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Figure 4.39: RBS spectra for a dose of 5 x lO1^ Se^/cm6 implanted
at 300 keV and at room temperature annealed with the single GSH at 
a temperature of B50°C for annealing times as indicated. The 
decrease in thickness of the amorphous layer indicates that 
recrystallisation takes place from a solid phase epitaxial growth 
on tne substrate.
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Figure 4.40: RBS spectra of 1.5 MeV helium ion backscattered from
a GaAs sample implanted with a dose of 5 x 101** Sn'Vcm® (300 keV» 
RT) and annealed at temperatures and times as indicated.
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4.5 Electrical Properties of Sn and Se Implants
as a Function of Annealino Temperature and Time
Electrical activity, a*, the Hall mobility, and the sheet
resistivity, J*w of 1 x lO1^ cm"'e of 300 keV tin and selenium implanted 
into GaAs at room temperature has been studied in detail using rapid 
thermal annealing. The aim was to develop a model for the incorporation 
of these ions in GaAs. In this experiment, undoped semi-insulating GaAs 
wafers of (100) orientation were implanted in a non-channelling 
direction. The wafers were encapsulated with the double-layer 
encapsulant for tin implants and either Si3f\U, evaporated AIN or the 
double-layer encapsulant for selenium implants. The tin implanted 
samples were annealed using the double graphite strip heater whereas the 
selenium implanted samples were annealed using the single graphite strip 
heater.
For both annealing systems, the dwell time (1-200 seconds) and the 
annealing temperature (700-1150°C) were monitored and recorded using an 
X-Y recorder. The total uncertainty in time and sample temperature was 
estimated to be about ±2 seconds and ±5°C, respectively. The uncertainty 
in temperature when using the double graphite strip heater has been shown 
earlier to be reduced to less than ±50C. The rise time or the time taken 
to reach the prescribed annealing temperature increased from 3s to 6s as 
the temperature was raised from 700°C to 1150°C for the double graphite 
strip heater. In the case of the single graphite strip, this rise time 
was longer and increased with temperature.
The sheet electrical properties were measured as functions of annealing 
time and temperature. Figures 4.41 and 4.42 show the sheet electron 
concentrations, n*, plotted as a function of annealing time at various 
temperatures for tin and selenium, respectively. It can be seen that 
this electron concentration and hence, electrical activity, at (a* =
nfc/N0 ) increases with time at a given temperature and for sufficiently 
long times, reaches a saturation value. Hence two regions are identified 
for the activity i) a time-dependent region and ii) a time-independent 
region (i.e., saturation region) for a given temperature. It can further 
be noted that at sufficiently high temperatures (> 975°C), there is no 
time dependence for the measured activity but it continues to increase 
with increasing temperature.
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The sheet carrier concentration, n*, presented as a function of annealing 
time for various temperatures in Figures 4.41 and 4.42, represents 
experimental data measured for a number of samples. The figures also 
show solid lines representing the best fit to the experimental data as 
well as error bars on experimental points, indicating the uncertainties 
in measured values or uncertainty in extrapolated values (Figure 4.42). 
The errors were based on the standard deviation of results from 3 to 8 
samples annealed under identical conditions (Figure 4.41). Besides the 
sheet electron carrier concentration, the sheet resistivity and the Hall 
mobility were also measured. Figures 4.43 and 4.44 show their plot as a 
function of annealing time for various temperatures of tin implanted 
samples. The experimental data points have also been fitted with the
best fit indicated by solid lines in Figure 4.43.
4.6 Conclusion
The results presented in this chapter can be briefly summarised as 
follows:-
1) improvement of the CVD Si3lvU and development of new 
encapsulants,
2) development of the double graphite strip heater and 
comparison with the single graphite strip heater,
3) achievement of n^-layers following annealing of high-dose 
implants of Sn and Se in GaAs, and,
4) using the results of (1) and (2) above, a detailed study 
of the electrical properties of 1 x lO1^ Sn’V c m 2 and 1 x 
101,Cf Se'Vcm5 implanted into GaAs has been made.
These four points will represent the basis of discussion presented in the 
next chapter.
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Figure 4.41: Sheet electron concentrations ntj as a function of
annealing time for annealing temperatures from 700°C to 1150°C. 
The solid lines are the best fit to the experimental data and the 
error bars correspond to the standard deviation of results from 3 
to 8 samples which have been annealed under identical conditions. 
Ion dose was 1 x lO1^ Sn'H/cms (300 keV» RT) annealed using the 
double GSH and the double-layer, SigN^/AlN, cap.
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Figure 4.42: Sheet carrier concentration as a function of
annealing time for the temperature range 800-1000°C. Solid lines 
are the best fit to the experimental data and the error bars on the 
experimental points indicate the uncertainties in measured values. 
Other bars on the 800°C curve signify uncertainty in extrapolated 
values. Ion dose was 1 x 101** Se^/cnP (300 keV, RT) annealed using 
the single GSH and either Si3N^, evaporated AIN or the 
double-layer» SisN^+AlN, cap.
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Figure A.A3: Sheet resistivity, (P.)> as a function of annealing
time for annealing temperature in the range 775-1150°C. The solid 
lines are the best fit to the experimental data and the error bars 
correspond to the standard deviation of results from 3 to 8 samples 
which have been annealed under identical conditions. Dose = 1 x
lO1'1* S n V c m 5 at 300 keV and RT. Annealed in the double GSH using 
the double-layer (Si3N* + AIN) as encapsulant.
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Figure 4.44: Hall mobility* F*> as a function of annealing time
for annealing temperatures in the range 700-1150bC, for a dose of 1 
x 101* Sn'Vcm22 implanted at 300 keV and RT and annealed using the 
double graphite strip heater. Cap used was (Si3N^ + AIN).
CHAPTER 5
DISCUSSION 
5.1 Introduction
The discussion of the important results presented in Chapter 4 is made in 
in six sections comprising this chapter.
The aim of this work has been to obtain n^-layers with electron
concentrations of the order 1 x 10l<? cm""3 , following high dose implants 
of tin and selenium ions in GaAs. However, in order to achieve this, 
high annealing temperatures were necessary to anneal the implantation 
damage and activate the implanted impurities. Thus, an encapsulant 
capable of withstanding the required annealing temperatures was required. 
The development of evaporated aluminium nitride and its combination with 
Si3N/+ was found necessary and the use of these caps has shown their 
suitability at temperatures up to 1150°C. The characterisation of the 
CVD Si3N<* and the development of the evaporated aluminium nitride and the 
combination of these two are discussed in Section 5.2 of this chapter.
Electrical properties measured from rapid-thermal annealing of Sn- and 
Se-implanted GaAs are discussed in Section 5.3, together with a
comparison between the annealing techniques used. Section 5.4 discusses 
the SIMS, TEM and RBS results and relate these to the electrical 
properties. The analysis of the dependence of the electrical properties 
on the annealing conditions is presented in Section 5.5, where a
thermodynamic model for the activation and incorporation of Sn and Se is 
developed. Finally, Section 5.6 ends the chapter with a summary 
discussion of the results.
5-2 Encapsulation 
5.2.1 Introduction
Many papers have reported the use of SiOs (40,52), and Si3N^ (44,46,53, 
41,48) as encapsulants. However, it has been demonstrated that SiOa and
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oxygen contaminated Si3N*. allow Ga to out-diffuse from GaAs surfaces (55) 
and also Si to diffuse from Si3N<* into GaAs during annealing 
(51,55,62,63). Despite the fact that Si3N* is reported to provide better 
surface protection than SiOa (41,53,136), oxygen contamination is still a 
problem in sputtered and CVD grown layers.
Recently, several papers have reported studies of AIN and aluminium 
oxynitride films (50,62,63,137) for use as encapsulants for GaAs. AIN is 
thermodynamically more stable and it has been shown that r.f. sputtered 
AIN layers have a thermal expansion coefficient close to that of GaAs 
(63) (6.6 x 10_,£> °C"i for AIN and 6.9 x 10~* °C"1 for GaAs). Therefore, 
the interfacial stress is minimised during heating. Okamura et. al. (63) 
reported the use of reactive sputtered AIN films for annealing 
Si-implanted Cr-doped semi-insulating GaAs at temperatures up to 1000°C 
with minimal thermal conversion effects. The oxygen content in these 
films was below the detection limit of Rutherford backscattering 
measurements using 350 keV He ions. Prior to this, Gamo et. al. (61) 
studied A10>,Ny deposited by sputtering and the presence of oxygen in the 
layers was not detrimental to the attainment of electrical activity from 
Se- implanted GaAs.
To obtain high peak carrier concentrations, it was found necessary to 
implant high doses of Se and Sn into GaAs. However, implantation of a 
dose of 1 x 1014> cm"'3 and higher of either Se or Sn produces amorphous 
(70,138) layers of varying thicknesses depending on the ion energy (see 
TEM and RBS results in Chapter 4). To restore the crystal perfection of 
this surface layer and activate the implanted impurity, an annealing 
stage at high temperatures (>900°C) is required. To do so, an effective 
method of preventing the surface decomposition of the GaAs is necessary. 
As mentioned above, several encapsulating layers have been used but an 
effective cap should withstand the annealing temperature and prevent the 
outdiffusion of the GaAs components and implanted impurities. It should 
also prevent the indiffusion of impurities from the cap itself and ensure 
minimum interface stresses. The annealing cycle should be controlled so 
that decomposition and diffusion are limited and therefore, good control 
over atomic profiles is obtained. Decomposition and diffusion both 
depend on annealing temperature and time. A reduction in the magnitude 
of one or the other would therefore be an advantage. Since transient 
annealing and high doses are used in this work, it is obviously necessary 
to use high annealing temperatures so we have explored the possibility of
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reducing the annealing time together with the use of an adequate 
encapsulant. Thus in this section? the discussion of the various 
encapsulants used in the work is presented.
5.2.2 CVD Silicon Nitride
At first? CVD Si3N^ layers were used to encapsulate Se-implanted GaAs. 
However? the maximum annealing temperature was limited to about 900°C. 
This produced poor electrical activity from 1 x 101S Se/cma . In an 
attempt to improve the Si3N^ cap? various deposition conditions were 
tried together with improvements to the CVD Si3N^ apparatus itself. The 
graphite strip was made thinner and larger. The rise time to the 
deposition temperature was therefore reduced. The area of uniform 
temperature increased? thus larger areas of uniform Si3N* were achieved. 
Ultimately? the oxygen contamination (Figure 4.3 and 4.4) was reduced by 
improvement to the vacuum system and better stoichiometry of the Si3N^ 
was obtained? with NSi/NN ~ 0.74.
It was demonstrated that the improved CVD Si3N^ was suitable for 
annealing GaAs at temperatures of up to 950°C (Figure 4.12). At 
temperatures higher than 950°C? the cap failed to prevent degradation of 
the electrical properties as a function of annealing temperature (Figure 
4.12). Longer annealing times at these temperatures have also resulted 
in the degradation of the electrical properties of Se-implanted and 
Si3Nv- encapsulated GaAs. Because of this shortcoming? investigation of 
new encapsulating layers other than CVD Si3N<» was made. In the 
following? discussion of the development and characterisation of 
evaporated AIN is presented.
5.2.3 Evaporated AIN and the Double-layer Encapsulant
Evaporated AIN was deposited by the reaction of evaporated Al with either 
pure NH3 gas or a mixture of Na gas and NH3 (aqueous). The experimental 
method is simple and easy to set up (see Chapter 3). Therefore? it is 
very attractive and should be easily adopted by other groups to 
encapsulate GaAs and other III—V compounds which require low deposition 
temperatures during encapsulation.
This is the first report of the use of evaporated AIN as an encapsulant 
for ion implanted GaAs. The evaporated films were characterised and 
found to consist mainly of aluminium? nitrogen? and oxygen. The presence 
of oxygen was shown to be due mostly to hydrolysis of the films on
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exposure to the atmospheric moisture. The protection of these films with 
a layer of aluminium prevented hydrolysis and showed that as-deposited 
layers were mainly AIN with low oxygen content (see Figure 4.8).
Aluminium nitride (AIN) films were deposited on GaAs and vitreous carbon 
substrates held at room temperature and withstood annealing temperatures 
up to lOOO^C. These films and their combination with very thin layers of 
Si3N^ were successfully used as encapsulants for GaAs and were found to 
withstand annealing temperatures of up to 1150°C. Films grown by this 
method were analysed by Rutherford Backscattering Spectrometry (RBS) and 
RHEED (Reflection High Energy Electron Diffraction). Aluminium? nitrogen 
and oxygen were the only elements detected in the encapsulants. However? 
the best encapsulants were found to have the lowest oxygen content. The 
deposition conditions are very important in preventing the reaction of 
the films with the surface of GaAs during heat treatment.
The amount of oxygen present in all the films whose spectra are shown in 
Figure 4.6 is found to be approximately constant and is uniformly 
distributed through the layers. The hydrolysis of the films is 
demonstrated in Chapter 4 Section 4.2.2 (a) and it is also confirmed by 
theoretical estimations of the spectra using the Ziegler programme (132) 
presented in Chapter 4. To confirm this point further? the stability of 
AIN at annealing temperatures under various conditions was investigated. 
As-deposited evaporated films were polycrystalline (Figure 4.10(a)) (65). 
These thin films deposited on GaAs and then annealed at a range of 
temperatures between 900°C and 1100c'C in a nitrogen atmosphere showed no 
sign of oxidation (132). The as-deposited AIN (e.g.? Figure 4.5) was 
found to react with hot distilled water and peel off as a thin 
transparent layer. This process was used as a test for the suitability 
of AIN as an encapsulant for GaAs. Films which reacted with hot 
distilled water were found to withstand annealing temperatures up to 
1100c,C. In order to explain why this happens? it is necessary to 
consider the composition of the deposited film and propose various 
chemical equations for the formation of AIN? for its oxidation? etc..
Thus? for example:-
2A1 + 2NH3 --- > 2A1N + 3Ha (5.1)
indicates how the AIN is formed during evaporation. As deposited AIN was 
found very stable and remained so at annealing temperatures of at least 
1100°C. However? as demonstrated above? AIN reacted with hot water and
)
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hydrolysed easily when in contact with the atmospheric moisture, forming 
A10QH (boehmite). Furthermore, provided the initial AIN film is thin 
enough, the reaction with water would transform it completely to A100H 
which was then observed to peel off the surface of GaAs prior to any heat 
treatment. Evaporated AIN was found not to react with the oxidising 
agent, hydrogen peroxide (132) since the formation of an oxide at the 
surface of the film would show easily on the RHEED pattern as an 
amorphous layer, blurring the RHEED pattern. Furthermore, it has
previously been reported that treatment of AIN with water gave either 
A1(0H)3 (139) according to the reaction:
AIN + 3He0 -----> NH3 + Al(0H)a (5.2)
or <x-Ala03 (126) by the reaction:
2AlN(s) + 3He0(g) --- > 2 N H 3(g) + <x-A1303(s ) (5.3)
Considering the RBS results, coupled with the Ziegler simulation study 
and the RHEED analysis presented earlier in Chapter 4, the present work 
shows that the probable reaction is (14-0):
AIN + 2HS0 - NH3 + A100H (5.4)
Therefore the evaporated films are mainly AIN after deposition. However, 
the evaporated AIN reacted with the atmospheric moisture and hot water to 
form A100H. The oxygen present in the RBS spectra is therefore due to the 
hydrolysis of the films prior to RBS analysis.
After deposition of the evaporated AIN layers, films of thickness less 
than 1000 A were found to be completely hydrolysed (Figure 4.6), whereas 
thicker films were only partially hydrolysed as shown in Figure 4.5.
These films were easily removed from the surfaces of GaAs, vitreous 
carbon and glass slides using hydrofluoric acid, regardless of their 
quality, composition or thickness. Moreover, dissolution was 
spontaneous. However, after heat treatment, especially at high
temperatures <1150°C), the dissolution was not spontaneous although this 
took place in just a few seconds for 1000 A thick films.
As mentioned in Chapter 4, AIN films have been used to obtain high
electron concentrations and good mobilities in GaAs implanted with a dose 
higher than 1 x 10lif ions/cme of Sn'*’ and Se*'. An annealing temperature 
of 1000°C for 20 seconds was used to achieve a sheet resistivity as low 
as 30 0/□ for the 5 x 101£f Sn^/cm2 (300 keV, RT) dose, using the GSHs.
125
Films with and without excess aluminium at the surface have been used to 
anneal successfully ion implanted GaAs to temperatures as high as 1000°C. 
Thus, films without protective aluminium overlay such as those of Figure
4.6 consisting mainly of AIN and A100H, can withstand high annealing 
temperatures despite the presence of a high oxygen content. It is likely 
that water is lost from the hydrolysed layers during annealing so that 
the net oxygen content is reduced. Ga or As outdiffusion into the 
encapsulant was not observed by RBS.
Difficulties in controlling the deposition process meant that a small 
amount of aluminium sometimes deposited on the surface of the GaAs
substrate without reaction with ammonia, forming a thin aluminium layer 
underneath the AIN films. Such films have been found difficult to remove 
after heat treatment due to the reaction of the Al layer with the GaAs 
surface. To avoid this problem a double-layer encapsulant was developed 
which consisted of 300 A CVD Si3N<+ deposited at 635°C for 15 seconds, 
followed by 600 A of evaporated AIN (see Figure 4.11). This combination 
withstood annealing temperatures as high as 1150°C and produced the 
lowest resistivity (70) ever recorded from tin implanted GaAs (see 
following sections). This double layer cap provides a more reproducible 
and reliable method for protecting the GaAs surface during high
temperature annealing than a single layer of AIN or Si3N^. The CVD Si3N^
layers fail at temperatures of 950°C and above when used alone (71). 
Finally, unlike the case of Si3N<», the presence of oxygen in the AIN 
layers seems not to affect significantly the quality of the layer as an 
encapsulant.
In summary, it has been demonstrated above that evaporated AIN is a more 
reliable cap than CVD Si3N^ (64,71) especially at annealing temperatures 
higher than 950°C. Then it was found that although evaporated AIN (with 
or without CVD Si3NiJ is an effective encapsulant for GaAs at least up to 
a temperature of 1000°C (64,65,69-71,95,96), the best reproducibility was 
obtained when Si3N^ + AIN (69-71,96,138,141) cap was used. This double 
layer encapsulant was more reliable at temperatures up to 1150°C. When 
the electrical properties were obtained from samples encapsulated with 
the various encapsulants discussed earlier, there was not an obvious 
dependance on the type of encapsulant used, except from the point of view 
of reliability. Furthermore, no Ga and As were observed to outdiffuse 
into the encapsulant using the RBS technique.
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5.3 n^-Lavers
5-3«l Sheet Electrical Properties
a) Implant Dose Effects
In order to achieve high peak electron concentrations, it is necessary to 
implant high doses and anneal at the necessary temperature to activate 
the implanted ions. Theoretically, a dose of 1 x 10l£f cm”3 of either 
selenium or tin produces a peak atomic concentration of about 1 x 101V 
cm~3 . Thus, a dose higher than 1 x lO1^ cm”3 is necessary to achieve the 
aim of this project. However, the amount of impurity which can become 
activated and contribute to the achievement of high peak carrier 
concentration is dependent on the ion species, ion energy, implant 
temperature and most of all, on the annealing conditions. Furthermore, 
the electrical activity obtained from given implant conditions may be 
dependant on the quality of the substrate. In this research work 
therefore, the effect of these parameters on the electrical activity has 
been studied. Most of the results obtained were presented in Chapter 
Thus in this section, only some important points are discussed.
The sheet electrical activity has been found to increase with increasing 
ion energy for both selenium and tin ions for a given implant and 
annealing condition. For example, a dose of selenium or tin in the range 
of 1 x lO1^ - 1 x 101K cm”3 annealed at 1000°C with dwell times of from 
10 s to 50 s, show no significant dependance on dwell time - indicating 
that a saturation electrical activity value was reached within 10 s at 
1000°C. Yet, the electrical activity increased with increasing ion dose. 
This is illustrated in Figure 5.1, where the mean sheet electrical 
properties are shown as a function of dose together with uncertainty bars 
to illustrate the range of values measured for both tin and selenium 
ions. The tin implants produce the best results over the whole dose 
range, since on average, the sheet resistivity is lower than the 
corresponding values for the selenium implants. This is due mostly to 
the higher mobility for the tin implanted samples. However, for both 
ions, doses of at least 5 x lO1^ cm”3 are required to produce the optimum 
electrical results. For the 101£f Severn”3 implants, anneals above lOOO^C 
have been carried out but the results obtained are no better than those 
shown in Figure 5.1. This may be due to failure of the encapsulant or to 
a saturation of the electrical properties with annealing temperature. 
For tin implants there was, however, a significant improvement in which 
the activity increased to 100’/., 56*/. and 29*/,, . obtained by raising the
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temperature to 1100c,C for 1 x 10l* cm-2, 1150°C for 5 x 101* cm-2, and 
1090°C for 1 x 10lt5 cm~= for 5 seconds? respectively. The corresponding 
sheet resistivities therefore improved significantly down to 50 ft/d , 35
0/D > and SB ft/D » respectively.
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Figure 5.1: Sheet electrical properties as a function of ion dose
in the range of 1 x 101A - 1 x 101S cm"2 of 300 keV and RT Sn and 
Se implants. Samples were annealed at a temperature of 1000°C for 
times long enough to reach saturation of electrical properties. 
Cap used was AIN, or Si3|\U or the double-layer, SisNU + AIN. 
Results for higher annealing temperatures are also indicated for 
comparison. Numbers underneath experimental points refer to the 
number of samples measured.
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The electrical activity for 1 x 1013 Severn-2 tends to saturate at around 
IV/. following anneals at 1050°C and above, whereas the 1 x 101 = Sn^cm-2 
implants were found to increase their activity with temperature attaining 
a value of about 30*/. following a 5s anneal at a temperature of 1090°C. 
These results are also recorded in Figure 5.1, and show that there is a 
need to anneal at temperatures significantly in excess of 1000°C in order 
to achieve the highest percentage activity from doses of 1 x 101D cm-2 of 
tin and selenium ions. Annealing doses of 1 x 101* Severn”2 above 1000°C 
tends to produce a smaller improvement in the electrical properties when 
using the single graphite strip heater. In contrast, using the double 
graphite strip heater, there is significant improvement in the electrical 
properties measured on a dose of 1 x l O 1** Sn^cm-2. In order to explore 
these results more thoroughly, a detailed study of 1 x lO1^ cm-2 of both 
tin and selenium implants is presented in Section 4-.5 of Chapter 4 and a 
theoretical model explaining these results will be presented in Section
5.5 of this Chapter.
b) Annealing Condition Effects
The dependance of the electrical properties on the annealing conditions 
for a dose of 1 x lO1^ cm""2 of Sn and Se is presented in Section 5.5, 
where a detailed study of the sheet electrical properties as a function 
of annealing temperature and time provided the basis for the development 
of a thermodynamic model to explain the incorporation and annealing 
mechanisms of Sn and Se implants into GaAs. Therefore, only a brief 
discussion of the dependance of electrical properties measured for high 
doses and annealed using the different annealing techniques is presented 
here in order to compare and consequently, demonstrate the superiority of 
the double graphite strip heater over the rest of the annealing methods. 
The sheet carrier concentration was found to increase with increasing 
annealing time for a given annealing temperature and reached the
saturation level. The time taken to reach the saturation level is 
temperature dependent. When these saturation values, n*,.**, were plotted
versus 1/T in an Arrhenius plot, an activation energy, Ed , can be
calculated. Figure 5.2 summarises all the results obtained from tin and
selenium implants for various doses and implantation conditions. A value 
of approximately Ed = 1.2 eV was determined for both tin and selenium 
ions and for ion doses of 1 x lO1**, 5 x lO1^ and 1 x 1013 cm""2 implanted 
at ion energies of 200 keV or 300 keV at either 200°C or room 
temperature. This activation energy is therefore independent of the 
implantation conditions. The fact that it is identical for both tin and
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selenium is probably an indication of the similar annealing mechanisms
involved in the activation process of these ions. However, this energy
was thought to be different for different ion species implanted in GaAs 
(142). The significance of this activation energy is discussed later in 
Section 5.5. Other authors have determined identical values of this
energy within experimental error (73,143) for selenium implanted into 
GaAs. It is interesting to note that these authors have also found that 
the magnitude of this energy is independent of ion energy (143) and 
implant temperature (73) in the temperature range 800-1150°C. This is
consistent with the results presented in this thesis.
Figure 5.2 also demonstrates the need for annealing at high temperatures
in order to achieve better electrical activation. For instance, to get a 
percentage electrical activity of the order of 100*/. from a dose of 1 x 
101,Cf Sn^cm"2 , a temperature of about 1050°C is necessary. However, this 
same temperature produces only about 15*/. electrical activity from a dose 
of 1 x 101S cm"2 of either tin or selenium. A further point to discuss 
from the results of Figure 5.2 is the temperature difference between the 
single graphite strip heater, the double graphite strip heater, the 
incoherent light and the electron beam annealers. The temperature 
difference between the single and the double GSH has been discussed in 
Chapter 4 (Section 4), where the electrical activities or sheet
resistivities were measured from identical samples and annealed using 
both single and double GSHs (see Table 4.12 and Figure 4.20). It has 
been demonstrated that the two lines drawn in Figure 4.20 for the single 
and double GSHs were displaced from one another by up to 25°C, although 
some points are displaced by up to 50°C in accord with the results of 
Figure 4.19 and Figure 3.4. This point is also illustrated in Figure 5.2 
for 1 x lO1^ Sn^cm^/SOO/RT dose (Curves C and E). Furthermore, the same 
dose has also been annealed using the ILA (Curve F). This curve is 
displaced from the double GSH curve by up to 100°C. However, the large 
scatter in experimental data shows that often there is a smaller
temperature difference between the ILA and the double GSH, especially at 
high annealing temperatures. This is so despite the fact that the 
activation energy is the same for both annealing methods, but the scatter 
of data produces a large error on Ed calculated for ILA. As mentioned 
earlier, a temperature of 1050°C is necessary in order to achieve 100*/. 
electrical activity using the double GSH, and since the temperature 
measured in ILA is lower than that of the double GSH by about 100°C, it 
is expected that 100*/. electrical activity would occur at a temperature of
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about 1150°C. However? the scattered points in Figure 5.E indicate that 
a temperature of 1075°C is enough to achieve 100*/. activity. This point 
will be raised again when comparing the electrical profiles obtained 
using the different annealing techniques in the next section. The 
electrical profiles in question were obtained from high temperature 
anneals <> 1000c,C) and their comparison showed that all the annealing
techniques were equivalent. This is explained above by the equality of 
the electrical properties at high temperatures? represented here by the 
scattered points and better illustrated in Figure 4.19 where the single 
graphite and double graphite strip heaters were compared in terms of 
annealing temperature. It was found that little or no difference in 
temperature exists between the two graphite strips at high annealing 
temperatures. This is consistent with the results presented above. A 
direct comparison between the graphite strip heater and the EBA in Figure
5.2 is not possible. However? considering the straight lines A and B 
which were obtained from annealing a dose of 1 x 101S S n V c m a using the 
EBA and the ILA? respectively? a temperature difference of about 25°C can 
be estimated.
An interesting point to indicate is the good reproducibility of 
electrical results obtained with the double GSH which is found superior 
to the single GSH in terms of accuracy? uniformity and reproducibility of 
temperature. Thus? the double GSH can be used as a standard annealing 
system against which other systems can be calibrated.
The sheet electrical properties achieved from transient annealing of Sn 
and Se implants into GaAs using the different annealing techniques 
discussed above have been studied and Table 5.1 presents a brief summary 
of the best sheet values. It can be noticed that a 100*/. electrical 
activity can be achieved easily from a low dose (< 1 x lO1^ cm“s ) of tin 
following an anneal at temperatures of 1000°C and higher. For instance? 
100*/. electrical activity was measured from annealing one sample of 1 x 
lO1^ Sn^/cm3 at a 1075°C for 5s using the ILA. A corresponding sheet 
resistivity of 52 0/D was measured? which is the best achieved from a low 
dose implant. The same result can also be obtained using the double GSH 
but with a temperature of only 1050°C (see Figure 4.20 or Figure 5.2).
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Figure 5.2: Maximum sheet carrier concentration vs (1/T) for
various doses of Sn and Se implants in GaAs. Anneals were performed 
on the single* and double GSHs* EBA and ILA for comparison. Cap 
used was AIN or Si3N<» or the double-layer (AIN + Si3N^). An
activation energy of about 1.2 eV was calculated for both Sn and Se 
and for different implant conditions. CA = 1 x 10lsSn+7cmE (300 
keV,200°C): EBA: B = 1 x IO1 0  Sn+/cms (300 keV,RT): ILA; C = 1 x
101* Sn-/cmE (300 keV, RT): DGSH; D = 1 x 10l° Se^/cma (200 keV,
RT):SGSH; E = 1 x 101* Sn^/cm2 (300 keV, RT): SGSH; and, F = 1 x 
101* Sn’V c m 12 (300 keV, RT): ILA3.
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DOSE Anneal Anneal Sheet Hall Sheet Carrier Electrical
cm"B DetaiIs Method Resistivity Mobility Concentration Activity
(=•0/5) P» F- N. at
( 0/D ) (cm3/Vs) (cm"2 ) <*/.)
SELENIUM
lxlO1* 1000/15/7 SGSH 95 1200 5.70 x 1013 57
6x10^ 1000/15/7 SGSH 63 1040 9.60 x 1013 16
lxl0ls 1050/15/7 SGSH 37 800 1.40 x 101* 14
TIN
5xl013 900/15/30 SGSH 69 1500 5.00 X 1Q13 100
6xl013 1000/15/7 SGSH 69 2300 5.97 X 1013 100
lxlO1* 1075/8/10 ILA 52 1870 1.00 X 1Q1^ 100
lxlO1^ 1090/28/5 ILA 50 1730 7.13 X 1Q13 71
lxlO1* 1100/5/10 DGSH 51 1100 1.10 X 101* 110
lxlO1* 1025/5/40 DGSH 83 1860 8.75 X 1013 88
5x10^ 1000/15/40 SGSH 30 1830 1.10 X 101*- 22
5x10^ 1090/7/5 ILA 37 1600 1.05 X l0i* 21
5xl01<f 1150/7/5 ILA 35 1450 3.90 X 101** 78
5x10** 1100/5/11 DGSH 35 1590 1.14 X 101* 23
lxlO13 950/5/5 EBA 53 1900 1.10 X 101* 11
lxl0ls 1000/5/10 DGSH 49 1240 1.01 X l0 i^ 10
lxlO13 1090/28/5 ILA 28 1230 2.90 X 101* 29
lxlO15 1150/10/5 ILA 9 730 9.10 X lO1^ 91
5xl0ls 1000/15/40 SGSH 54 1330 8.64 X 1013 9
2xl01A 1000/15/40 SGSH 60 1750 5.96 V 1013 6
Table 5.1: Best sheet electrical properties achieved from (300 
keV, RT) Sn and Se implants into GaAs annealed using 
the single graphite strip heater (SGSH), the double 
graphite strip heater (DGSH),the electron beam annealer 
(EBA) or the incoherent light annealer (ILA).
The sheet electrical properties presented in this work for Sn in GaAs are 
the best ever measured for transiently annealed GaAs. Furthermore tin 
produces better sheet electrical properties (see Table 5.2) than does 
selenium. As mentioned in the literature survey, very little work, 
(apart from this work on tin implanted GaAs (64,65,69,71,96,13B,141)), 
has been published. Therefore no direct comparison could be made. 
However, selenium results compare well with other published data for 
selenium (23), for silicon (94,122) and for sulphur (35) following rapid 
thermal annealing at temperatures in the range 900-1150°C. Table 5.2 
compares the best sheet resistivity results obtained in this work from 
Sn- and Se-implanted GaAs to published data for selenium. It can be seen 
that Sn produces the lowest sheet resistivity over the temperature range 
900-1100°C. Furthermore, it is expected that these results would improve 
if the ion energy is increased to 400 keV, comparable to that used by 
Chapman (23). At temperatures higher than 1100°C, the results for 1 x 
101=i Sn^cm“e/300/RT were not very reproducible and may be due to cap 
failure. However, a sheet resistivity as low as 9 0/D has been measured.
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This value is the lowest ever recorded for ion-implanted GaAs. The 
corresponding sheet electron concentration and Hall mobility are 9.1 x 
101** and 730 cma/Vs, respectively. This represents an electrical 
activity of 91’/* for a dose of 1 x 101=5 Sn'Vcm52. Unfortunately, no 
carrier concentration profile was measured for this sample, nor has it 
been reproduced. Therefore, this result has been considered as a 
non-reproducible result but is mentioned here to indicate that it may be 
possible to achieve even lower sheet resistivities and higher electron 
concentrations from high-dose, RT implants in GaAs. As far as sheet 
mobilities are concerned, Sn implants produced the highest values 
especially when high annealing temperatures were used (see Chapter 4-) .
ANNEALING TEMPERATURE <°C)
DOSE : 900-
950
1000 1050-
1075
1090-
1100
1140-
1150
Reference
101 = Se/400/300 100 70 22* 33 25 Chapman (23)
101 = Se/300/RT 220 73 37 - - This Work
101 = Sn/300/RT 53 48 37 28 This Work
1Q1^ Sn/300/RT 100 75 72 50 51 This Work
•N-
*• From Reference Unique result,
70
not reproducible
Table 5.2: Comparison of sheet resistivities (Q/p ) of tin-
and selenium-implanted GaAs obtained in this 
research and that published in literature for 
various annealing temperatures.
In conclusion, the sheet electrical properties indicate that tin implants 
are better than selenium after annealing at high temperatures. The 
lowest sheet resistivity for a 1 x 101S cm“a dose was 37 Q/P for a 
selenium implant annealed at 1050°C as against 28 ft/P for tin implant 
annealed at 1090°C, respectively. The sheet electron concentration for 
selenium implants saturates above 1050°C whereas for tin, no saturation 
was observed even after annealing at 1150°C. In respect to maximum 
carrier concentrations, a further comparison will be made in the 
following discussion on the distribution of electrical properties as a 
function of depth.
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5»3.2 Electrical Profiles
In this section? the distribution of the electron concentration and 
mobility as a function of depth for tin and selenium implants are 
discussed and compared with each other? together with the discussion of 
the effect of the starting material on these profiles.
a) Selenium
The electron concentration profiles presented in Chapter 4 (Figures 
4.£2-4.£6) for selenium implants show that if the dose is sufficiently 
high and the temperature sufficiently low? then double peaks are 
obtained. At 950-1000°C? the double peaks become more pronounced as the 
dose increases from 1 x lO1'* cm-s (Figure 4.£2) to 6 x lO1^ cm"2 (Figure 
4.23-4.26). Also? the peak concentration increases from (5-6) x 101B 
cm-3 for 1 x lO1^ cm"2 dose to (8-9) x 101S cm-3 for a dose of 5 x lO1^ 
cm-2 and 1 x 101S cm"2. The dwell time also plays an important role and 
longer times at 1000°C for a dose of 5 x 101<£f cm"2 (Figure 4.25) and a 
dose of 1 x 101S cm"2 (Figure 4.22) tend to provide more complete
annealing so that a double peak distribution is no longer apparent. By
reducing the temperature from 1000°C (Figure 4.25) to 950°C (Figure 4.26) 
for a dose of 5 x lO1^ cm~a ? the double peak distribution becomes very 
pronounced due to the less complete anneal at the lower temperature. In 
Figures 4.22-4.25? the annealing technique used was the single GSH while
for Figure 4.26? an EBA was used. Thus? similar peak carrier
concentrations and similar profiles were achieved for both annealing 
techniques.
The results highlight the problem of incomplete annealing which gives 
rise to a double peak profile which has been observed in the past for hot 
implants of selenium annealed at 600c,C and 650°C (88). It would seem 
that the annealing rate and the electrical activation of the implanted 
atoms is dependent on depth. From previous work and this study? selenium 
near the surface is activated readily (surface peak) whilst deeper within 
the GaAs? a second? less well activated peak occurs. This second peak 
requires either longer annealing times or higher temperatures to become 
appreciably activated. The minimum between the two peaks occurs near the 
ion range? Rp . The explanation for this is not clear but seems to be 
associated with changes in composition locally due to the implantation of 
selenium ions (88). The near surface peak is therefore in a region 
containing large concentrations ( ~ 1019 cm-3) of both gallium and 
arsenic vacancies which should therefore enable the selenium to
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(relatively) easily find the correct lattice site for it to become a 
donor. The second, deeper peak, is associated with a region containing 
the arsenic and gallium atoms which were displaced from the surface 
region which contains the high concentration of vacancies. There is a 
region between these two distributions where the net defect concentration 
is low (near Rp ) which could correspond to the observed minimum in the 
electrical profiles.
A maximum peak carrier concentration of about 8-9 x 101Q cm-3 can be 
achieved from a dose higher than 5 x lO1^ cm-s of 300 keV selenium with a 
corresponding mobility of greater than 1000 cme/Vs increasing to higher 
values deep in the implanted layer. This peak carrier concentration is 
expected to increase when the ion energy is increased and when the 
implantation is performed hot. For fully activated samples (Figure 4.21
and 4.25), the mobility profiles normally start at about 1000 cms/Vs at
the surface of the implanted layer, decreasing slightly at a depth 
approximately equal to the ion range, Rp , (region of maximum damage), 
then increase with depth into the better crystalline material. In the 
case of partially activated samples (Figures 4.23, 4.22 and 4.26), the
mobility profiles follow the same behaviour as described above plus the 
additional decrease of mobility deep into the material. This indicates 
the effect of the residual implantation damage which requires high
temperatures or longer annealing times to anneal. These mobility 
profiles can be compared to the "expected mobility" profiles constructed 
from the measured electron concentrations and using the data of Sze and 
Irvin (135). This analysis shows that the mobility is degraded only in 
the first 0.1 Fm in the case of the fully activated samples. For the
profiles with double peaks however, the mobility is degraded beyond 0.2 
Fm. A degradation in mobility implies that there are defects present 
which affect the compensation ratio and act as scattering centres to 
reduce the mobility. These are almost completely annealed in the case of 
the fully activated samples. Thus, although a maximum peak carrier 
concentration of about 9 x 101Bcm“3 is obtained for both fully activated 
and partially activated samples, longer annealing times or higher 
annealing temperatures (> 1000°C) are necessary in order to achieve well 
behaved profiles.
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b) Tin
In contrast to the selenium implants, electron concentrations for tin 
implants do not generally present double peak concentrations (Figures 
4.27 and 4.28). The maximum peak carrier concentration is 9 x 101B cm-3 
for a dose of 1 x 1013 cm-s (300 keV, RT) and 7 x 1013 cm”3 for a dose of 
1 x 101,ef cm-3 (300 keV, RT). The 1 x lO1^ cm"3 dose in this case was 
fully activated with the maximum sheet values that can be achieved from 
this dose. The maximum carrier concentration value is recorded near the 
surface and extends to about 0.15 Hm, with a corresponding mobility of 
greater than 2500 cm3/Vs (Figures 4.27 and 4.28). This mobility value is 
about twice those recorded for selenium implants.
The use of hot (200°C) compared to RT low-dose implants has little effect 
on the sheet electrical properties, but lower peak carrier concentrations 
and broader profiles were obtained after a 1000°C/22s anneal of 1 x 10x,t> 
Sn'Vcm3 implanted at 300 keV, 200°C (Figure 4.27).
When the experimental and "expected" mobility profiles were compared for 
1 x lO1^ Sn'Vcm3 (see Figure 4.27), identical values were obtained up to 
a depth of about 0.2 Hm, beyond which, experimental values started slowly 
degrading. An even better agreement was achieved when using higher 
annealing temperatures (Figure 4.32). This result implies that there are 
few, if any, compensating defects remaining in this material after high 
temperature annealing.
The effect of annealing temperature has been studied on 1 x lO1^ Sn'Vcm3 
(Figure 4.32) and 1 x 1013 Sn"Vcm3 (Figure 4.33) and the peak carrier 
concentration has been found to increase from 2 to 2.5 to 3.5 to 9.0 x 
10X3 cm-'3 as the annealing temperature increased from 850 to 1025 to 1050 
to 1090°C, respectively. For 1 x 1013 Sn+/cm5 , the peak increased from 3 
x 1013 to 9 x 1013 cm”3 when the temperature was raised from 1000°C to 
1090°C, respectively. However, the annealing time has a significant 
effect on the magnitude of the peak carrier concentration only for 1 x 
1013 Sn+/cmE (Figures 4.34 and 4.35), where removal of implantation 
damage requires high temperatures. In the case of the dose 1 x lO1^ 
Sn'Vcm3 , the electrical properties have already saturated at those 
temperatures (see Figures 4.41, 4.43 and 4.44), and long annealing times 
cause lowering of the peak carrier concentration and consequently, the 
broadening of the profiles. This implies that the Sn atoms are mobile.
137
c) Effect of Starting Material
The stability of the starting material at 900°C for three different 
wafers* W*., Wa , and W3 , was presented in Chapter 4 and the effect of 
these materials on the electrical profiles is illustrated in Figures 
4.28, 4.31 and 4.34 for wafers, W a, Wa, and W3, respectively. Obviously, 
the difference between Wi and Wa is not in the maximum peak carrier 
concentration obtained because in both cases, a peak of 8 x 10ie cm-3 was 
achieved. Rather, it is in the position of the said peaks and the 
overall shape of the profiles. Both profiles present at the surface, a 
maximum peak carrier concentration which, decreases rapidly with depth in 
the case of Wa whereas, it extends to a depth of 0.1 Fm in the case of 
Wi. In the case of W3 however, the profiles show different shapes of the 
concentration versus depth and show a time dependance of profiles for an 
annealing temperature of 850°C using the single GSH. The profiles have 
maximum peaks at about 2 x 10lv, 6 x 101S, 4 x 1013 and 2.5 x 101B cm-3
at depths of 0.15, 0.12, 0.085 (Rp ) and 0.035 Fm and for annealing times
of 10, 50, 100 and 300 seconds, respectively. Thus, the peak value
decreased with time and moves from the inner edge of the implanted layer 
towards the surface of the sample. A well behaved profile is obtained 
for 850c,C/100 s anneal with peak carrier concentration of 2.5 x 101B cm-"3 
at a depth of 850 A, approximately equal to the projected range, Rp ( ~ 
880 A from PRAL). This must be the optimum time to anneal 5 x lO1** cm_B 
to obtain a good profile shape at 850°C. Annealing for longer times 
causes the carrier concentration to decrease, indicating that a 
redistribution of tin occurred during annealing. This can be seen 
clearly in Figure 4.34, where the 300s-profile presented two peaks - one 
close to the surface (0.035 Fm) and the other, deep into the material at 
a depth of 0.2 Fm. The redistribution of tin atoms in GaAs during 
annealing has been observed by SIMS results (Section 4.4.2 of Chapter 4) 
and these will be discussed later in this chapter. However, from the 
above results, it appears that there is a dependance of the profile shape 
on the starting material. The explanation for this could be in the fact 
that the instability of GaAs substrate is associated with the
redistribution of Ga and As atoms with the consequent creation of 
different local concentrations of Ga and As vacancies. Regions
containing high densities of gallium vacancies should therefore enable
the Sn to easily sit on the correct lattice site and become a donor.
Thus, high peak carrier concentrations could be observed in these regions. 
In contrast, regions of high arsenic vacancies would limit the number of 
Sn atoms finding a gallium vacancy and.becoming donors. Therefore, lower
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carrier concentrations are recorded. These local concentrations of 
gallium and arsenic vacancies seem to be annealing-temperature and -time 
dependent.
d) Comparison of Sn and Se Implants
The highest carrier concentration achieved reproducibly was about 8-9 x 
101Q cm""3 for tin (Figures 4.28 and 4.31-4.33) and selenium (Figures 4.22 
to 4.26) implants at an energy of 300 keV and RT. These were the best 
results recorded but it has been possible to obtain a number of other 
samples, implanted with high doses of Sn, wherein the electron 
concentration was greater than 101'5’ cm-3 (Figures 4.34 and 4.35). 
However, these results were measured on a material (Wa ,W3 ), which, as
mentioned above, when tested using the method described in Chapter 3, was
found to be fairly stable but, the resistivity decreased after a 900c'C 
anneal. This decrease in the resistivity may have been more severe at 
higher temperatures (> 1000°C), rendering the material unstable and 
causing the shapes of profiles in Figures 4.34 and 4.35.
As mentioned above, for tin implants, the results had peak electron 
concentrations of about 9 x 101Q cm~3 , but the mobility was generally 
higher for the tin-implanted samples compared with those implanted with 
selenium. The results indicate that it is unlikely that an electron
concentration in excess of 2-3 x lO19 cm"3 will be achievable with 300
keV Se implants because the sheet electrical properties for such implants 
saturate when annealed above 1050°C (Figure 5.1). For the tin implants, 
on the other hand, whilst annealing at 1090°C does not produce an 
electron concentration in excess of 1 x 101,5> cm-3, there has nevertheless 
been no observed saturation in electrical properties (Figure 5.1). Thus, 
annealing above 1100°C may possibly produce a further improvement in the 
electrical properties of tin-implanted samples.
Peak carrier concentrations in excess of 1 x 101,5> cm"3 can be achieved 
for high ion energy and/or following hot implants (69). Sealy (36) in 
his review paper, has summarised the best results obtained from annealing 
high doses of Sn and Se using the ILA (see Figure 2.4 of Chapter 2). A
dose of 1 x 101® Se+cm~s (350 keV, RT) annealed at 1050c'C for 10 s had a
peak concentration of 3 x 101<5> cm-3 but the corresponding mobility was
very low. When the same dose was implanted at a higher energy of 400 keV
and at 200°C and thereafter, annealed at 1050c,C for 10 s, a peak carrier
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concentration of 1.5 x 101*7 cm-3 was obtained, with a corresponding 
mobility greater than 1000 cma /Vs.
A further comparison between Sn and Se implants in GaAs at an energy of 
300 keV and RT is shown in Figure 5.3 for a dose of 1 x 101*" cm“a . Both 
of these samples have been annealed at a temperature of 1000°C for 20 
seconds. The peak carrier concentrations were about 6.5 x 1O10 cm“3 and
4.5 x 1O10 cm“3 for tin and selenium implants, respectively. The 
tin-implanted samples therefore, have a higher peak electron 
concentration and also higher electron mobility than samples implanted 
with selenium ions.
5.3.3 Conclusion
In general, the tin implanted samples tend to have higher electron 
concentrations at the surface than do selenium implanted samples which 
may be an advantage for ohmic contact formation. The reason for the 
higher electron concentration seems to be associated with an outdiffusion 
of tin for a dose of 1 x 10lif cm"e . However, at the 1 x 1013 cm"2 dose 
level, the measured electron concentration is within the theoretical 
atomic profile. More discussion of the electron concentration profiles 
is presented in the next section, where these profiles are compared to 
the SIMS and the theoretical atomic profiles.
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5.4 5IM5» TEM and RBS Analyses
5.4.1 Comparison of Electrical and Atomic Distribution for Sn Implants
Consider the SIMS profiles of Figure 4.36? obtained for 1 x 101S Sn^cm-3 
before and after annealing using the ILA. The theoretical atomic 
concentration profile from PRAL for 300 keV Sn^ implants is contained 
within a depth of 0.2 Fm. For a dose of 1 x 101® SnHcm“3 the atomic 
concentration falls to about 1 x 1017 cm-3 at this depth with a peak 
value of about 1.2 x 1030 cm-3 at a depth of 0.09 Fm below the surface. 
The position of the theoretical atomic peak is in good agreement with 
that of the SIMS profiles which show a lower value of 9 x 1017 cm"3 for a 
dose of 1015 Sn^cm”3 . However? SIMS measurements show that the atomic 
concentration of 1 x 1017 cm”3 lies at a depth of about 0.3 Fm. This 
value is 50*/* deeper than the theoretical value and is most probably due 
to channelling which is known to produce tails on the implanted profiles 
in crystalline GaAs <22>144). SIMS measurements also show that during 
annealing? there is a redistribution of the implanted tin which depends 
on the annealing conditions (Table 4.14). Both outdiffusion and 
indiffusion are observed? the former being more significant. At 0.3 Fm 
below the surface? the concentration of tin increases from the 
as-implanted value of 1 x 1017 cm”3 to 3 x 1017? 1.7 x 1013 and 9.5 x
1017 cm”3 following annealing at 1000°C/5s? 1000°C/30s and 1100°C/2s?
respectively (Figure 4.36). This indiffusion has broadened the implanted 
profile such that the 1 x 1017 cm”3 concentration level occurs at a depth 
of 0.35 Fm which represents a 17*/. increase in the width of the profile. 
Besides this indiffusion? significant outdiffusion also occurs such that 
there is no longer a definite peak in the atomic distribution (Figure
4.36). For the 1 x 101S Sn^cm”3 dose? up to 62/. of the implanted tin is 
lost to the cap for a 1100°C/2s anneal (Table 4.14).
Identical samples used for the SIMS analysis were also investigated for 
sheet electrical properties and carrier concentration profiles using the 
Van der Pauw method. Table 4.10 and Figure 5.4 summarise the electrical 
properties for identical conditions used in the SIMS analysis. It can be 
noticed that the SIMS results are consistent with the electrical 
measurements although it is difficult to draw an exact correlation 
between the two sets of data. For a dose of 1 x 101® ions cm”2 ? the 
percentage electrical activity does not increase significantly with an 
increase in temperature above 1000c,C. A consequence of this is that 
because the residual concentration of tin in GaAs decreases with
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increasing temperature (Table 4.14), the actual percentage activity 
(sheet electron concentration/residual tin concentration) is increasing 
with temperature. Electrical measurements show that only about 24*/. of 
the residual tin is electrically active for a 1100°C anneal. This means 
that the rest of the tin atoms must be in the form of electrically 
inactive precipitates and/or point defect complexes. Precipitates 
containing metallic tin have indeed been observed by TEN (141) but these 
amount to only about 2*/. of the residual tin for a 1 x 10lC5cm"a implant 
annealed at 1100°C. In contrast, a 101£f cm-2 dose annealed at 1000°C/5s 
has only 1*/. of the residual tin as precipitates (141). An alternative 
explanation for the inactive tin is that it is in the form of defect 
complexes such as (Sn-V) (145). This idea is in accord with low 
temperature ( < 800°C) anneals where, despite the fact that most of the 
implantation damage has been removed the electrical properties are poor. 
That is, this inactive tin may be in the form of complexes (rather than 
precipitates) which require a high temperature to dissociate and produce 
electrical activity. This point will be discussed further in Section 5.5.
A comparison of the electrical activity values listed in Table 4.10 shows 
that the percentage activity decreases as the dose is increased for a 
given anneal condition. The activity dropped from 39/. to about 8’/. for 
1000°C/30s anneal as the dose was increased from 1 x lO1^ to 1 x 10ls 
Sn'+'cm-e. This can be explained in two parts using a simplistic model. 
An increase in dose for a given ion energy produces a higher level of 
displacement damage along with a higher concentration of dopant atoms 
within the implanted region. In the first stage of the activation 
process, a moderate anneal condition will achieve a higher degree of 
reordering for a low dose implant than it will for a relatively high dose 
implant. This can be deduced from the sheet mobility values (Table 4.10). 
That is, with reference to the second column of Table 4.10, a mobility of 
1500 cms V“1s~1 decreases to 1250 cm2 (/"is-1 (a decrease of 17’/.) when the 
dose is doubled to 1 x 101S cm-a. This is despite the fact that the
electron concentrations are similar in both cases at a level of about 9 x
1013 cm-a
The electron concentration and mobility profiles shown in figures 
presented in Chapter 4 and Figure 5.4 appear very different from one
another. This has been attributed earlier to the difference in starting
material. Significant outdiffusion of tin (as "seen by SIMS) and 
indiffusion of silicon from the Si3N*. encapsulant (Figure 4.38) have been
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observed. Some of the activity in the highly conducting surface layers 
of low dose implants may in fact be due to this indiffusion of silicon 
into GaAs. This is substantiated by the fact that the samples which 
have been annealed for long times (30s in Figure 5.4) show a relatively 
higher electron concentration (~ 5.7 x 101B cm”3 ) than those annealed for 
short times (5s in Figure 5.4) (~ 3.7 x 10ie cm”3 ). This effect is not 
clearly visible in samples implanted with higher doses because the 
as-implanted atomic concentration at the surface of these samples is five 
to ten times higher for 5 x 101* and 1 x 10ies Sn^cm”3 implants 
respectively and therefore masks any surface build up of tin in 
electrical measurements. A close examination of these profiles also 
shows that? in order to produce well behaved electron concentration 
profiles which closely follow the theoretical atomic profilesj one 
requires a long time ( ~ 30 s) at 1000°C, or a high temperature if short 
times are required. In both cases, the experimental profiles are 
contained within 0.3 Fm of the surface, in agreement with the theoretical 
atomic profiles of PRAL.
5,4.a TEM and RBS Results
The results from TEM studies of Figure 4.37 show the changes which occur 
in the density and nature of the residual defects as the annealing 
temperature is increased for a high dose (> lO1^ cm”3 ) of Sn and Se 
implanted in GaAs. The TEM micrographs of Figure 4.37 show that the as 
implanted GaAs surface layer was finely crystalline (Figure 4.37(a)) for 
both Sn and Se implants. This ion-damaged surface layer changes to a 
highly defective layer which contains strain centres, and dislocation 
lines and loops during encapsulation with CVD SiaN^ at 635°C (Figure 
4.37(b)). Although some annealing took place, the residual damage in the 
crystallised surface was still very high. In addition, no activity was 
measured from such a material. Annealing at high temperatures (up to 
1100°C) caused the disappearance of strain centres of large dimensions, 
and only dislocation lines and loops of varying sizes and shapes 
remained. These do not appear to significantly affect the electrical 
properties measured on such a material. The dislocation lines and loops 
are decorated with precipitates which contain atoms of the implanted 
impurity (138). However, the concentration of these precipitates 
represents only a small percentage of the residual inactive impurity 
(about 3’/. for 1 x 101= Sn^/cm3 and l*/» for 1 x lO1^ Sn'Vcm3 dose) (Figure
4.37).
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RBS analysis was performed on GaAs samples implanted with a dose of 1 x 
lO1^ Sn'Vcm3, 5 x lO1** S n V c m E and 5 x lO1* Se'Vcm3 at an energy of 300 
keV and at room temperature. Figures 4.39 and 4.40 summarise the results 
obtained to demonstrate the removal of implantation damage with annealing 
temperature (Figure 4.39) and annealing time (Figure 4.40). As a result 
of ion implantation, an amorphous layer (thickness of which, depended on 
the ion dose and ion specie) formed with the lowest dose ( 1 x lO1^ cm"E ) 
investigated. For instance, the thickness of the damaged layer was 
estimated to be about 3500 A and 4400 A for 5 x 1014V c m a of Sn and Se, 
respectively. After annealing at 850°C for long times or at temperatures 
up to 1000°C for a few seconds, the amorphous layer annealed and the 
recrystallisation was restored with Xmi.n values decreasing from 69’/. to a 
minimum value in the range 4-5*/.. The minimum value for Xmiri for 
as-received material was 4X. For a dose of 1 x lO1^ cm"E for example, 
Xmln was approximately 4*/. after annealing at a temperature of 900°C for 
30 seconds (see Figure 4.40).
5.4.3 Conclusion
Evaporated AIN and its combination with SiaN/+ in the double layer cap 
have been developed and successfully used to anneal high dose implants of 
Sn and Se in GaAs at temperatures up to 1150°C using transient annealing 
methods. A double graphite strip heater was developed and compared to 
the single GSH, the EBA and the ILA and was found to be superior in 
performance, accuracy and reproducibility. The use of the aforementioned 
developments in encapsulation and annealing techniques permitted the 
production of n^-layers with peak carrier concentrations of the order 1 x 
101*5’ cm-3 from both tin and selenium. The electrical properties measured 
from tin implants were generally better than those obtained from Se-" 
implants especially in terms of electrical mobilities. The electrical 
results suggest that it is likely that an electron concentration in 
excess of 1 x 101,? cm"3 could be achieved for tin implants because no 
saturation is observed in electrical properties with annealing 
temperature. In contrast, the electrical properties saturate for. 
selenium implants annealed above lOSO^C, but a maximum peak carrier 
concentration of about 3 x lO1** cm"3 (70) has been measured using the 
same double layer encapsulant and the ILA (see Figure 2.4). Annealing 
tin implants at a temperature of 1090c,C produced an electron 
concentration of about 9 x 101Q cm"3 but the mobility was generally 
higher for the tin-implanted samples compared to those implanted with 
selenium.
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Figure 5.4: Electron carrier concentration versus depth obtained
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5.5 Annealing Mechanism of Sn and Se Implants in Gafts
5.5.1 Introduction
The electrical activation of 1 x 101<f cm-2 Se and Sn has been studied and 
the experimental results were presented earlier in Chapter 4 (Figures 
4.41 and 4.42). In this section, a detailed analysis of these 
experimental results is presented. Because the sheet carrier 
concentration measured was found to increase with increasing annealing 
time for a given temperature and eventually reached a constant saturation 
value, nsat, after a certain time, t», two regions were identified for 
the activation of Sn and Se in GaAs. For the time dependent region, a
simple thermodynamic theory has been developed and energies of diffusion
were calculated using three different procedures. Before assigning these 
diffusion energies to a particular particle or defect, it was necessary 
to develop a model consistent with the published data and consistent as 
well with known diffusion data. For the saturation region, Arrhenius
plots also produced activation energies for both Sn and Se. The
interpretation of the results obtained, together with the development of 
a simple thermodynamic model to explain the incorporation of Sn and Se in 
GaAs, are presented in this section.
The thermodynamic theory presented below for Sn and Se implanted in GaAs 
can be generally applied to a variety of annealing mechanisms such as 
defect annealing, incorporation of impurities in semiconductors during 
growth, epitaxy or diffusion, and precipitate formation or dissolution. 
Because each of these processes must involve at least one of the 
following: diffusion, migration, formation or dissociation of complexes,
an activation energy of formation, dissolution or diffusion can be 
defined to describe the kinetics of the process.
The many ways an impurity can be incorporated into GaAs can determine its 
electrical behaviour. Furthermore, the presence of excess defects 
affects the behaviour of the impurity in the semiconductor where the 
impurity itself can be considered a defect. In the case of Sn and Se 
implanted into GaAs, we can start by identifying the possible ways the 
impurities could be present.
GaAs can be viewed as being composed of two interleaved sublattices of Ga 
and As. If we introduce an impurity such as Sn or Se, then in order for 
it to become a shallow donor or acceptor, respectively, it must sit on
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one of these sublattices. Se, for example, has been shown to sit 
preferentially on an As site (146), whereas Sn is always found on the Ga 
sublattice (despite the fact that it belongs to Group IV which contains 
the amphoteric species, Si and Ge, which can occupy either a Ga or an As 
site (146)).
After implantation, the implanted region is damaged and the position of 
the implanted impurity in the crystal lattice is determined by the 
substrate temperature during the implant. In the case of Se, below 150°C 
a significant number of the implanted impurity atoms (147,148) have been 
shown to occupy interstitial sites, and above 150°C, almost 100’/, of the 
impurity atoms are on substitutional sites. An initial annealing at a 
temperature of about 700°C restores in about one minute, the 
crystal 1 inity of the damaged layer and places most of the implanted atoms 
on the preferred substitutional sites (149).
The implanted impurities (Sn, Se) however, take tens of minutes at this 
temperature to become appreciably electrically activated. These results 
suggest therefore that the process of electrical activation of implanted 
Sn or Se could be controlled by the presence of complex defects 
(61,68,149-152), which compensate any activation achieved. For example, 
it has been proposed that inactive tin in GaAs is in the form of a 
complex with a gallium vacancy, which itself can act as a deep acceptor 
(151). However, it has also been suggested that the tin-vacancy complex 
is annealed out at temperatures of about 400°C to leave the majority of
the tin atoms occupying gallium lattice sites where they would be
expected to act as donors (153). They do not, of course, act as simple 
donors under these annealing conditions and so, it is also envisaged that 
the inactive tin must form some complex defect whose structure is
uncertain.
Various models have been put forward to explain the behaviour of impurity 
atoms incorporated in GaAs, but most of the work has been done on
non-ion-implanted material. In some cases, precipitates have been 
observed and identified (154), but in other cases, the presence of 
precipitates was not confirmed and the results were explained on the 
basis of the formation of complex defects of vacancies and impurity atoms 
(155). For example, a detailed description of the incorporation of Te 
and Sn in GaAs has been presented by Hurle (150,151) in which the complex 
defect is used to explain most of the published data. Ion implanted
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layers however, have not been considered in the same way, although 
several authors have tentatively explained their lack of electrical 
activity in ion implanted GaAs as being due to the formation of complexes 
between vacancies and dopant atoms (61,152).
In general, an implanted impurity in GaAs could be incorporated in four 
ways (68): - i) as an interstitial, ii) as a substitutional donor,
iii) as a complex with a vacancy, and iv) as a precipitate. However, the 
relative concentrations of these four ways in which the impurity is 
incorporated in the GaAs lattice dictate the electrical behaviour of the 
implanted layer. As mentioned earlier, after annealing at about 800°C, 
most of the implanted impurities (Sn and Se) are on substitutional sites, 
with only about 12*/* of the selenium (149) and 1’/. of the tin (141)
estimated to be in the form of precipitates. Therefore, the fact that
both the electrical activity and the number of precipitates are low after 
annealing, suggests that the balance of the selenium or tin is most 
likely incorporated as a complex.
To achieve a certain electrical activation, it may be possible that 
either the complex, a single impurity atom, or a host interstitial atom 
(Ga or As) migrates until a suitable sink is found which allows the
implanted impurity to become electrically active. As will be shown later 
in this chapter, all these possibilities have been considered. However, 
because of the results obtained from the theory for both Bn and Se, a
particular model which best fits the known properties of Bn and Be in
GaAs has been identified. This model involves the separation of the 
impurity from the complex followed by its diffusion to a nearby gallium 
(for Sn) or arsenic (for Se) vacancy, which it occupies in order to 
become a donor. This model can be summarised in the following sentences.
(1) As-implanted Sn or Se samples are polycrystalline (TEM) and 
the Sn or Se impurities are present in the implanted layer as 
precipitates or interstitials.
(2) After (CVD Si3N<* deposition) annealing at about 600°C, the
crystal 1 inity of the implanted layer is mostly restored and the
impurity (Sn or Se) is in the form of a complex with a
neighbouring vacancy or vacancies. The material is electrically 
compensated and therefore no electrical activity is measured.
(3) When annealing at higher temperatures, the number of complexes 
diminishes and the electrical activity increases.
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(4) The model therefore involves the breaking up of the complexes, 
followed by local diffusion of the impurity to appropriate sinks 
(single vacancies of the correct type, i.e., or for Sn
and Sej respectively) to become active donors.
5.5.2 Thermodynamic Model
In order to apply the theory to the experimental data, various 
assumptions have to be made which appear to be substantiated because of 
the good fit of the results to the theory. Initially, we shall assume 
that the implanted impurities (Se, Sn) are distributed uniformly in the 
form of complexes within a layer of thickness corresponding to that of 
the as-implanted profile (Figure 5.5).
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Let N be the number of impurities (Se, Sn) or complexes available to 
diffuse to sinks, the sinks being arsenic or gallium vacancies. The 
number of tin or selenium atoms which find gallium or arsenic vacancy 
sinks per unit time is proportional to the number of Sn or Se atoms, 
N(t), present at time, t. That is,
dN( t)
  = - KN(t) (5.5)
dt
where K is the rate constant. This equation assumes that the sink 
concentration remains constant, which for small changes in electrical 
activity measured, is thought to be reasonable. Equation (5.5) can be 
integrated to give: -
N(t) = No exp(-Kt) (5.6)
where N0 is the initial concentration of selenium or tin atoms, that is, 
the dose and the rate constant K is a function of the diffusion 
coefficient, D, of tin or selenium atoms in GaAs. Thus: -
E
K = K ’D = K ’Do exp (---- — ) (5.7)
kT
where K ’ is a constant (which depends on the geometrical shape of the 
sinks), D0 is a pre-exponential factor, k is Boltzmann's constant, T the 
absolute temperature and Ed the energy of diffusion of tin or selenium 
atoms in GaAs.
Using Equations (5.6) and (5.7), we get:-
Ed
N(t) = N0 expC-K'D0t exp(-  )1 (5.8)
kT
The parameter measured is the sheet electron concentration, n-fc, as a 
function of annealing time and temperature. Thus, N(t) = (N0 - nt ) which 
can be written as a fractional change with time, that is, (1 - nt/N0 ) or 
(l-a*), where a* represents the electrical activity as a function of 
time. Thus, Equation (5.8) can be written as:-
Ed
(1 - a*) = expC-K’Dot exp(-------)3 (5.9)
kT
which describes how the fraction of inactive impurity atoms (complexes), 
(1 - a<j), varies with annealing time and annealing temperature.
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It is necessary to write Equation (5.9) in such a way as to aid the 
interpretation of experimental results: -
Ed
-ln( 1 - a*) = K 7D0t exp<-------) (5.10)
kT
or
1 Ed
ln(--------) = K ’Dot exp(----- ) (5.11)
1 - a* kT
Equation (5.11) can be rewritten as:-
1 Ed
lnln( ) = ln(K’D0t) - (---- ) (5.12)
1 - at kT
Thus, by plotting lnlnCl/(l-afe)3 versus the reciprocal of the annealing 
temperaturej at constant time, the energy of diffusion of tin or selenium 
atoms may be found. Alternatively, by differentiating Equation (5.9), 
one can write:-
d (1 - a - b )  -[d (a  t “  1 ) 3 Ed
------- =   = -K’D0 (l-at) exp (------ ) (5.13)
dt dt kT
As t ---> 0, the activity at should be approximately equal to zero,
therefore (l-at) ~ 1. Equation (5.13) then becomes
d (at- 1) Ed
  = K ’ D0 exp ( ) (5.14)
dt kT
and by plotting InCd(a*-l)/dt] versus the reciprocal of the annealing 
temperature near t=0, it is also possible to obtain a value for Ed . The
energy of diffusion, Ed , could be determined by plotting InCd(a*-l)/dt3
versus 1/T at time t, different from zero, provided (l-at) does not vary
significantly with temperature. This is reasonable since for t = 10s,
d(at-l)/dt changes by two orders of magnitude as the temperature 
increases from 800°C to 900°C, whilst (l-at) varies from 1.0 to 0.86 for 
the Se case (Figure 5.7). This assumption is even more reasonable in the 
case of Sn since d(a.fc-l)/dt also changes by two orders of magnitude as 
the temperature increases from 775°C to 900°C, whilst (1-a*) varies from 
0.99 to 0.84 when considering the same time of 10s (Figure 5.6) .
The activation energy can also be estimated using a different approach 
involving the relationship between the annealing time and annealing 
temperature through the experimentally measured electrical activity.
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The dependence of the diffusion coefficient on the temperature can be 
written as follows:-
Ed
D = D0 exp(------ ) (5.15)
kT
This diffusion coefficient can also be related to the diffusion length, 
Ld> and the time, t, and can be written as:-
Ld = 2 f D t  (5.16)
Replacing the expression D of Equation (5.15) in Equation (5.16), one can 
write:-
1 4D<, Ed
  = ----- exp (------ ) (5.17)
t» Lde kT
The energy of diffusion Ed can therefore also be obtained by plotting 
lnCl/t^] as a function of the inverse of annealing temperature, 1/T, 
where tm is defined as the time taken to attain 90*/. of the saturation 
activity, nffl«t, at each temperature.
5.5.3 Analysis of Data
The sheet electron concentration, nt, is plotted as a function of 
annealing time at various temperatures in Figure 4.41 and Figure 4.42 for 
1 x lO1** cm~s of tin and selenium, respectively. Two regions can be 
identified, i) a time dependant region where the electrical activity 
varies with time for a given temperature and, ii) a time-independent 
region where the'electrical activity saturates. In the following, the 
theory developed above is used to explain the experimental results 
obtained for tin and selenium implanted into GaAs.
a) Time-dependent Region
In analysing the data in the time dependant region, there are two ways of 
calculating the activation energy, Ed , as described in Equation (5.12) 
and Equation (5.13). In the latter case, the inactive fraction (1 - at) 
calculated from the data of Figures 4.41 and 4.42 is plotted in Figure
5.6 and Figure 5.7 for tin and selenium, respectively. Using these 
figures, the slopes, d(l-afe)/dt, at small times, have been determined and 
are plotted versus the reciprocal of the annealing temperature, 1/T, in 
Figures 5.8 and 5.9. These Arrhenius plots, produced straight lines of 
slopes = (Ed/k), with values of 2.5 ± 0.1 eV and 4.3 ± 0.4 eV for Sn and 
Se, respectively. From Figures 4.41 and 4.42, values of lnCl/(l-afe)]
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have been calculated. lnlnCl/(l-a*)3 was then plotted as a function of 
the reciprocal annealing temperature for specific values of annealing 
time (Figure 5.10 for tin and Figure 5.11 for selenium). In each figure 
the slopes are very similar and produced values of Ec = 2.4 ± 0.1 eV and 
Ed = 4.6 ± 0.4 eV for Sn and Se, respectively. These values of the
activation energies represent the mean value of a number of values 
derived for each time used (see Figures 5.10 and 5.11). Another set of 
activation energies was calculated and derived from plotting ln(l/tOT) as 
a function of the inverse of annealing temperature using Equation (5.17) 
(Figures 5.12 and 5.13). The values of ts were determined from Figure
5.6 and Figure 5.7 by considering the values of the time when the 
electrical activity reaches 90*/ of the saturation value, nM^ t. The slope 
of these plots in Figure 5.12 and Figure 5.13 permitted another 
determination of Ed to be obtained. These values of the energies of 
diffusion and all the values calculated previously are summarised in 
Table 5.3. The average values for tin (2.5 eV) and for selenium <4.3 eV) 
are also presented in Table 5.3.
Diffusion Energy, Ed (eV)
Average
lnlnCl/l-at3 d(l-a*)/dt ln(l/t„) Value of
vs. 1/T vs. 1/T V 5 • 1/T Ed
SELENIUM 4.6 ± 0.4 4.3 ± 0.4 4.1 ± 0.4 4.3 ± 0.4
TIN 2.4 ± 0.1 2.5 ± 0.1 2.6 ± 0.1 2.5 ± 0.1
Table 5.3: Value of the energy of diffusion for Sn and Se in GaAs
from the three methods described in Equations (5.12), 
(5.13), and (5.16).
As mentioned earlier, the annealing of the selenium samples was carried
out using the single graphite strip heater, therefore the rise time to
the annealing temperatures of 800°C and 1000°C were about 6 and 15
seconds, respectively. As defined in Chapter 3, the annealing time was
said to be the time spent at the annealing temperatures and the 
temperature/time excursions were monitored via a thermocouple in contact
with the surface of the graphite strip close to the sample. It is
assumed that the temperature of the sample is equal to that of the
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thermocouple embedded in the graphite strip heater. The variation of 
temperature with time during annealing and the reproducibility of the 
temperature from run to run is estimated to be about ±5°C. The 
uncertainty on the annealing time is about ±2 s. The electrical 
activities were measured using the Van der Pauw technique, and hence, the 
errors were of the order ±10*/. These uncertainties in annealing 
temperature, time and electrical activity were used to calculate and draw 
the error bars on the experimental points in the case of selenium in 
Figures 4.42, 5.7, 5.9, and 5.11.
A further point to discuss is associated with the measurement of sample 
temperature. Considering the comparison made earlier between the single 
and double graphite strip heaters (71), it has been shown that the 
temperature of samples is different for the two cases even though the 
control thermocouples record identical values. Thus, at 800°C, samples 
on the single graphite strip are about 15°C below the recorded value, 
whereas at 950°C, there is a smaller discrepancy of about 8°C. The 
effect of this on the magnitude of the calculated activation energies is 
to produce an error of the order of 1%.
The annealing of the tin samples however, were performed on the double 
graphite strip heater (71). As described in Chapter A, the apparatus has 
been shown to provide accurate and reproducible temperature measurements. 
The temperature of the sample (700-1150°C) placed between the two 
graphite strips was measured by means of a calibrated thermocouple placed 
alongside it. The total uncertainty in the sample temperature is 
estimated to be less than ±5°C. The dwell time (1-200 seconds) of the 
sample at the annealing temperature was recorded using the same 
thermocouple. The time taken to reach the prescribed annealing 
temperature increased from 3 s to 6 s as the temperature was raised from 
700c,C to 1100°C. The uncertainty in the dwell time was ±2 s.
b) Time-independent Region
As the annealing time is increased, the electrical activity, increased for 
a given temperature and saturated at a value, n^*, which increased with 
increasing temperature. It is possible to plot nra*fc versus 1/T in an 
Arrhenius plot and the slope of the resulting straight line would give an 
activation energy for the saturation region. Figures 5.14 and 5.15 show 
the results obtained for both Sn and Se. An activation energy of 1.2 ±
0.1 eV for both tin and selenium was obtained using this procedure.
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Figure 5.8: d(a*-l)/dt plotted versus the reciprocal annealing
temperature for tin.
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Figure 5.9: d(a*-l)/dt as a function of the reciprocal annealing
temperature for selenium.
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Figure 5.10: lnlnC1/(1-a*)3 plotted a s a function of the
reciprocal annealing temperature for tin data.
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Figure 5.11: lnlnCl/d-a*) versus
temperature for the selenium data.
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Figure 5.12: Reciprocal annealing time (1/t.) plotted as a
function of reciprocal annealing temperature (1/T) for the tin 
data.
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Figure 5.13: Reciprocal annealing time (l/t«) plotted as a
function of reciprocal annealing temperature (1/T) for selenium 
data.
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Figure 5.14: Maximum sheet carrier concentration as a function of
inverse annealing temperature in an Arrhenius plot for the tin 
data.
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Figure 5.15: Maximum sheet carrier concentration as a function of
inverse annealing temperature for 1 x 10x^ Sewcm“E implanted at 300 
keV and room temperature into GaAs.
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5.5.4 Interpretation of Results
a) Selenium Results
Despite the relatively small number of results for selenium at some 
temperatures, it has been possible to fit them to a simple thermodynamic 
model, the results of which suggest that a single mechanism is dominating 
the activation of selenium over the annealing temperature and the time 
range studied. With reference to the model presented above, the measured 
energy of 1.2 eV in the time independent regime corresponds to the energy 
required to remove selenium from the complex defect and place it in an 
arsenic vacancy where it can act as a donor. Other authors have 
determined identical values of this energy within experimental error 
(23,71,143). It is interesting to note that the magnitude of this energy 
is independent of ion energy (143), dose (71) and implant temperature 
(23) in the temperature range 800-1150c,C. In the time dependent region, 
the analysis produced an energy of diffusion of selenium equal to about
4.3 eV. This is in good agreement with the previously published value of 
4.16 eV (156), (see Table 5.4).
As implied in the results section, the diffusion energy obtained from 
plotting lnlnC1/(l-at)] versus the reciprocal temperature (Figure 5.11) 
only takes account of results obtained at 800, 825 and SSO^C. From the
theory, we would expect the straight lines of Figure 5.7 to pass through 
(1-a.fc) = 1 at zero time which is not observed above 800°C. This can be 
explained by considering two effects. The first is the fact that the rise 
times and fall times to the annealing temperature are finite and are 
expected to produce a small contribution to the electrical activity which 
depends on the temperature. The second effect is due to the lag of the 
temperature of the sample behind that of the graphite strip. In a double 
graphite strip, this lag has been measured to be about two seconds (71). 
In the single strip, the magnitude of the lag will depend on the thermal 
contact between the sample and the strip and a possible cooling effect of 
the flowing nitrogen ambient. No allowance for lag time was made in the 
results reported for selenium (SGSH) since its magnitude is difficult to 
measure. The result of these two effects on the calculated energies is 
insignificant since, for example, the various slopes of Figure 5.7 will 
merely be displaced towards longer times but not actually changed in 
magnitude.
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Activation Pre-exponential Temperature Reference 
Energy Factor, D0 Range
(eV) (cme/s) (°C)
2.5 ± 0.1 - 775-925 This Work
2.5 6.00 x 10-* 1060-1200 Goldstein et.al.(157)
. 2.1 1.78 x 10“s Not Given Yamazaki et.al. (158)
Sn 2.7 3.81 x 10“3 900-1100 Fane et.al. (159)
2.0 1.72 x 10~3 800-900 Arnold et.al.(160)
3.3 £1.2 850-1100 Tuck (161)
1.2 9.43
0ioX 850-1100 Tuck (161)
Se 4.30 ± 0.40 800-950 This Work
4.16 ± 0.15 3.00 x 103 1000-1200 Goldstein (156)
6a 5.60 ± 0.32 1.00 x 10^ 1125-1230 Goldstein (156)
As 10.2 ± 1.2 4.00 x 10S1 1200-1230 Goldstein (156)
As 3.2 7.00 x 10"1 Not Given Kendall (162)
V(Ga) 2.1 2.10 x 10"3 Not Given Chiang et.al. (163)
V(As) 4.0 7.90 x 103 Not Given Chiang et.al. (163)
Table 5.4: Energies of diffusion, and Do values for various
defects in GaAs.
b) Tin Results 
i) Activation Energy
The model presented above for the incorporation of tin in GaAs relies on 
the idea that inactive tin is in the form of complex defects which most 
likely consist of tin and one or more vacancies. The exact form of the 
complex is unclear but an activation energy of 2.5 eV was measured for 
the annealing mechanism involved in the process of activating tin in 
GaAs. This value can be compared to several activation energies of 
diffusion from the literature (Table 5.4). It agrees exactly with 
Goldstein and Keller’s value (157) for the diffusion of tin in GaAs and 
agrees within experimental errors with Fane and Goss’ value (159). The 
activation energies measured by Yamazaki et. al. (158) and Arnold (160), 
(S.l and S.O eV, respectively), are slightly lower than the value of 2.5 
eV measured in this experiment, but unfortunately, these latter workers 
did not give any information on the experimental errors on their values.
More recently, Tuck et. al. (161) have diffused radioactive tin into n- 
type GaAs from the vapour phase over the temperature range 850-1100°C. 
The interesting result was that the diffusion coefficient depended on the 
level of n-type doping in the original GaAs substrate, in other words, on
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the position of the Fermi level. The authors measured an energy of 
diffusion of l.S eV for the undoped material (n ~ 101<s> cm-3) and a value 
of 3.3 eV for a doping level of 2 x 10ls cm-3. These values can be 
compared to the value of 2.5 eV presented in this thesis, where the 
average electron concentration ranges between 1017 cm"3 and 5 x 101E3 cm"3 
for the samples used in the determination of this energy of diffusion. 
The implication is that the 2.5 eV value may correspond to an average 
intermediate doping density. Considering the fact that in this work the 
diffusion is done from the implanted tin into GaAs during thermal pulse 
annealing whereas the values of Ea presented in Table 5.4 from the 
literature correspond to the diffusion of Sn from spin-on films, 
evaporated films or from vapour phase with either an As- or Ga-rich 
atmosphere, the value of the diffusion energy presented here therefore 
appears to be roughly consistent with previous studies. It would have 
been helpful if previous publications contained more details of doping 
levels, etc.., so that a better comparison could be made.
The energy of 1.2 eV arising from the time independent region describing 
the saturation of the electrical activity with time (Figure 5.14), is 
identical to the value measured for selenium-implanted GaAs (Figure 
5.15). An identical value was obtained for a dose of 1 x 1013 
Sn‘*V300keV/200oC annealed using the EBA (Figure 4.16) and from 1 x lO1^ 
and 1 x 1013 dose implanted at room temperature and annealed using the
ILA (Figure 4.18). A dose of 1 x lO1** Sn’VSOO/RT annealed using the
single and double graphite strip heaters for comparison also produced the 
same (1.2 eV) activation energy (Figure 4.20). Therefore, the magnitude 
of this activation energy is independent of ion dose and implant 
temperature in the temperature range B00-1150°C (Figure 5.2). However, 
this activation energy can be ion-species-dependent (142).
There is an interesting observation to made from the results of Figure
5.6. As in the case of selenium, if the slopes drawn on the figure in
the 0-20 s region are extended to negative times, they intersect at about 
- 2 s .  Theoretically, the intersection should occur at zero time, that 
is, there should be no activity at zero time. The -2 s intersection is 
interpreted as being due to the production of finite electrical activity 
during the rise and fall times, these being equivalent to about a 2 s 
anneal at temperature.
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ii) Do for Sn Implants
A further point to discuss is the magnitude of D0 ? the pre-exponential 
factor of Equations (5.12) and (5.15). Values for D0 taken from the 
literature are presented in Table 5.4- for both tin and selenium. It can 
be noted that these values are in the range 9.43 x 10~'D to 3.2 cm^/s? 
corresponding to activation energies varying from 1.2 to 3.3 eV.
D0 cannot be calculated directly from the data presented above. However?
two approaches could be used to estimate D0 . The first is to estimate a
diffusion length from SIMS results and use it in conjunction with 
Equation (5.16) and Table 5.4? to identify a value for Dc, which best fit 
our data. The second method is to used the constant? K ’D0 ? calculated 
from Equations (5.14) and (5.12) and their plots in Figures 5.8 and 5.10? 
together with an estimate of the average distance between the Sn atoms in 
an uniform distribution (Equation (5.18)). A value for D0 and K ’ could
therefore be obtained from their product. The calculations and the
various assumptions made in order to obtain values for the pre­
exponential factor? DCI? and K ?? are presented below.
First Method
In order to identify a value of Do which best fits the results presented 
in this work? one should consider the relation between Ld and D in 
Equation (5.16) and write:-
Ld = 2 -/Dt (5.16)
Let us assume that the diffusion length? Ld ? is the distance a Sn atom 
must diffuse before it meets a gallium vacancy sink. An estimate of Ld 
could be obtained from the SIMS results presented in Figure 4.36(b). In 
this figure? the tin atomic profiles broadened by about 200 A after 
annealing at 1000oC for 30s when compared to the as-implanted Sn atomic 
distribution. The distance a Sn atom must travel before meeting a VQ^ 
sink must be less than 200 A because electrical activity is already 
measured at lower temperatures and also because Ed was calculated in the 
temperature range 775-925°C. Considering this value of Ld in Equation 
(5.16) with t = 30 seconds? a diffusion coefficient of D ~ 3.3 x lO-1** 
cms/s is calculated. Now? D0 could be estimated from D = DC1 exp[-Ed/kT3 
with T = 1000°C and Ed = 2.5 eV. Thus? a value of D0 1 2.6 x 10“^ cme/s 
should be expected and can be compared to those found in Table 5.4 of the 
literature. Three values in this table are smaller than this figure and
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therefore agree with this estimation. These are 6.00 x 10"*, 1.78 x
10"s , and 9.43 x 10"3 cma/s, measured by Goldstein et. al. (157),
Yamazaki et. al. (158) and Tuck (161), respectively - their energy of
diffusion being, 8.5, 8.1, and 1.8 eV, respectively.
If now we consider the annealing conditions being T = 1000°C and t = 30s, 
and taking our activation energy of Ed = 8.5 eV, the diffusion
coefficient, D = D0 expC-Ec/kT] can be estimated if the value of D0 is 
taken from Table 5.4. Consequently, Ld can be estimated for the
different values of D0 in the literature. Table 5.5 summarises the
results. This time, only two of the Ld results agree with the condition 
of Ld estimated earlier using the SIMS results. These estimated 
diffusion distances are 300 and 53 A, obtained by Goldstein et. al. (157) 
and Yamazaki et. al. (158), respectively.
Pre-exponential Diffusion Coefficient Estimated Diffusion
Factor, Dc. D, (cma/s) Distance, Ld = S-JDt
(cmB/s) (A)
6.00 x 10"* 7.75 X 10”1* 300
1.78 x 10”= 8.30 X 10”ls 53
3.81 x 10”e 4.98 X 10-ie 8430
1.78 x 10"3 8.88 X 10-13 516
3.8 4.13 X 10-10 88300
9.43 x 10"s 1.81 X 10-17 4
Table 5.5: Diffusion Coefficients and Diffusion Lengths
of Tin in GaAs.
Before reaching an overall conclusion as to which value agrees with the 
work presented here, we consider an alternative approach to estimate 
these coefficients. This could be done by considering the average 
distance between the Sn atoms in the implanted layer as well as the total 
number of Sn atoms implanted per unit volume (which can be calculated 
from the uniform distribution of Sn atoms given in Figure 5.1 and the 
density of GaAs which is of the order 10sa cm”3 . The ratio between the 
total number of Sn atoms and host atoms per unit volume is equal to (9 x 
10ie cm"3 )/(10aa cm"3) or 10"3 . This suggests that there is one Sn atom 
in 103 atoms of Ga and As. Therefore, in a cube of 10 atoms per side, 
there exists one Sn atom. Consequently, the average distance between two 
Sn atoms is 10 times the GaAs lattice parameter (i.e., 56 A). The
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average distance a Sn atom travels before finding a gallium vacancy sink 
is utmost half this distance. This diffusion length allows one to 
estimate a minimum value for D0 ~ S.OS x 10"3 cma/s.
Considering the values 3.3 x 10"^ and S.OS x 10“3 cma/s calculated above 
for D0 » only two of the figures in Table 5.5 are of the same order of 
magnitude. These values are the same as that identified earlier and 
reported by Goldstein and Yamazaki. However, when considering the values 
for the energy of diffusion, only the results of Goldstein et. al. are 
wholly consistent with our data. The energy of diffusion, Ed = S.l eV 
measured by Yamazaki et. al., seems to be relatively close to ours but 
unfortunately the authors did not indicate their range of experimental 
errors nor did they publish data regarding the temperature range used.
Second Method
A second approach for the determination of the pre-exponential factor, 
D0 , is from the experimental data presented earlier. Considering 
Equation (5.14), InCd(at-l)/dt] has been plotted versus the reciprocal of 
the annealing temperature in Figure 5.8 for tin. A straight line was 
obtained and its slope determined the energy, Ed , while its intercept, 
which equals ln(K’D0 ), allows us to determine K ’DC. = 1.64 x 10°.
Additionally, Equation (5.12) plotted for tin in Figure 5.10 as 
lnlnC1/(l-at) versus 1/T for times ranging from 2 to 200 seconds, is a 
straight line with an intercept of ln(K’D0t). The intercept values were 
calculated and Table 5.6 summarises all the results obtained for the 
estimation of K ’D0 from Figure 5.10 and also K ’D0 from Figure 5.8.
Annealing ln(K’D0t) K ’ Do
Time, t(s)
From Figure 5.10
2 19.99 2.42 x 10s
5 19.97 9.39 x 107
10 22.48 5.79 x 10s
15 23.80 1.41 x 10*?
20 23.65 9.33 x 10Q
30 21.88 1.06 x 10^
40 22.89 2.18 x 10Q
100 23.82 2.21 x 10s
200 25.10 4.00 x 10s
From Figure 5.8
0 18.92 1.64 x 10°
Table 5.6: Estimates of the Pre-exponential factor,K’D0 , from
experimental data of Figures 5.10 and 5.8
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An average value of 5.3 x 10B can be calculated for K ’DC. from this table.
To estimate D0 , one must know the magnitude of K ’, which is, as mentioned
at the beginning of this section, dependent on the geometrical shape of 
the sinks (which are in this case, gallium vacancies). If we consider 
that the sinks are of spherical shape of radius, r0 » and that r is the 
average distance between the Sn atoms (about 50 A), then it can be shown 
that K ’ can be written as (164):
3r0
= ------  (5.18)
r3
Here, r0 is the radius of the gallium vacancy which can be estimated if 
one makes the simple assumption that the volume of GaAs lattice, a3 (a is 
the lattice parameter, equal to 5.653 A) is occupied by a total of 8 
atoms of Ga and As. The volume occupied by a Ga or As atom (Ga and As 
are considered to occupy the same volume), is about a3/8 ~ 25.58 A3 .
This volume is a sphere and thus equals 4/3 (tt r03 )* Thus, r0 ~ 1.75 A. 
Replacing this value of r0 in Equation (5.18), K ’ becomes 4.2 x 1011 cm-3 
and hence, D0 ~ 6.3 x 10""* cma/s. This value compares very well with the 
value of 6 x 10—* cme/s reported by Goldstein. However, this figure is 
the minimum value for D0 because r0 = 1.75 A is the maximum radius for 
the As vacancy (we assumed that Ga and As are closely compacted in the 
GaAs lattice, therefore, occupying the maximum volume available).
A maximum value for D0 can be calculated by assuming that the Ga vacancy 
has a minimum diameter, r0 » equal to the Ga atomic radius which is 1.41A.
Using again the same calculations above, we find D0 i 1.57 x 10“3 cme/s.
Therefore, considering both limits for Dc., one finds that:
6.3 x 10-* < D0 < 1.57 x 10~3 cms/s.
Do then compares with at least two figures in Table 5.5.
A different approach would be to estimate r0 instead of Dc.» (again 
considering spherical sinks) from the value of K ’D0 , published D0 values, 
and using Equation (5.18). Thus, we assume, D0 = 4 x 10",<b cms/s 
(Goldstein’s value which agrees best with our data). K ’ can then be 
calculated and its value substituted in Equation (5.18) to get a value 
for r0 of about 3.6A. Therefore, our results are consistent with Sn 
atoms diffusing to sinks, which are of spherical shapes of radius of 
about 3.6 A. This value is twice as large as 1.75 A, estimated above for
the radius of a gallium vacancy. It is reasonable to consider the radius
of the gallium vacancy sink as being 1.75 A, but being a trap for
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tin atoms* may have a trapping radius larger than this value. Therefore, 
the value of 3.6 A is a reasonable estimate, considering the various 
assumptions involved in the calculations and the possible errors 
involved.
In summary, the energy of diffusion of 2.5 eV derived from experimental 
data is the same as that reported by Goldstein et. al. If we consider the 
estimates of Dc. presented above, our data also agrees (but to a lesser 
extent) with Yamazaki et. al. Although we derived from the experimental 
data a value of about 5.8 x 10Q , for the factor K ’DC. involved in Equation 
(5.1), it was not possible to get directly from the experimental data, 
value for K ’ and D0 , separately. However, if we assume the magnitude of 
one or the other, fairly consistent results are obtained.
5.5.5 Conclusion
In conclusion, it has been demonstrated that a detailed analysis of the 
dependance of the electrical activation versus annealing temperature and 
time clearly allows one to calculate the energies of diffusion of Sn and 
Se implants in GaAs, these being 2.5 ± 0 . 1  eV for Sn and 4.3 ± 0.4 eV for 
Se. These energies are average values which have been determined using 
three different estimation procedures. The interpretation of these 
energies was based on well-known properties of GaAs. The analysis has 
also led to the derivation of an activation energy of 1.2 ± 0.1 eV for 
both tin and selenium in the non-time dependent region. This has been 
interpreted as the energy required to break the complex in which the 
impurity is associated and where it exhibited a neutral or compensating 
behaviour and to put the impurity on an appropriate vacancy where it can 
contribute to the electrical activity.
5.6 Summary
This chapter presented a discussion of the important results generated by 
this research work. It has been possible to achieve n^-layers of peak 
carrier concentrations of about 9 x 10ie cm"3 for room-temperature high- 
dose implants of both Sn and Se into GaAs. Sheet resistivities as low as 
28 0/n and 37 ()/□ were obtained for Sn and Se, respectively. The latter 
compares well with best results in the literature. The former however, 
is the lowest sheet resistivity ever recorded for tin implants. These
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electrical properties are of practical importance to the fabrication of 
non-alloyed ohmic contacts, provided the high annealing temperatures are 
compatible with device manufacture.
It must be mentioned that the above results have been possible only 
because of improved encapsulation techniques (evaporated AIN and the 
double-layer cap) which allowed the use of temperatures as high as 
1150°C. In addition* the double graphite strip heater also permitted 
better and accurate temperature and time measurements, which when 
combined with the reliable encapsulant, made possible the conduct of a 
detailed study of the electrical efficiency versus annealing conditions. 
Altogether, these enabled the subsequent development of a thermodynamic 
model explaining the kinetics of activation of both Sn and Se in GaAs. 
Using this theory, the diffusion coefficients of Sn and Se in GaAs have 
been determined. The points presented above will be invoked further in 
the concluding chapter.
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CHAPTER 6
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 
6.1 Introduction
The rapid thermal annealing technique has been successfully applied to 
anneal Sn and Se implants into GaAs in order to achieve n^-layers of peak 
carrier concentrations of about 9 x 101S cm-3 with corresponding sheet 
resistivities of £8 Q / Q  for tin - the lowest ever recorded for a dose of 
1 x 101S Sn^/300/RT - and 37 fi/Q for selenium, respectively. This is 
significant in that it offers the possibility of producing non-alloyed 
ohmic contacts, a requirement that is of great importance in the 
development of LSI/VLSI technology based on GaAs.
In order to realise the above achievements, research into the field of 
encapsulation and annealing techniques had to be carried out. 
Experimental results obtained therefrom provided the impetus for
extending the research into the study of annealing kinetics and 
incorporation mechanisms of implanted Sn and Se impurities in GaAs, the
outcome of which, was the development of a theoretical model based on 
equilibrium thermodynamics.
The following sections briefly summarise the major findings of the 
research project, concluding with suggestions for future work.
6.E Encapsulation
Evaporated Aluminium Nitride (AIN) films were deposited on GaAs and 
vitreous carbon substrates held at room temperature by reactive 
evaporation of aluminium in the presence of nitrogen and/or ammonia gas 
mixture. These films and their combination with very thin layers of 
Si3N^ were successfully used as encapsulants for GaAs. This is the first 
report of the use of evaporated AIN as an encapsulant for ion-implanted
GaAs. Films grown by this novel method were analysed by Rutherford
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Backscattering Spectrometry (RBS) and Reflection High Energy Electron 
Diffraction (RHEED). Results of such analyses confirmed the composition 
of the deposited films as being mainly AIN, with aluminium, nitrogen and 
oxygen- and hydrogen-contamination, as the only constituents. The 
presence of oxygen was shown to be due to hydrolysis of the evaporated 
films upon exposure to atmospheric moisture. Despite the presence of 
oxygen in the AIN layers however, the quality of the deposited films as 
encapsulants was not affected. This is quite unlike the case of CVD 
Si3Na , where oxygen-contamination is detrimental, causing the cap to 
fail. The reaction of AIN films with water has proved useful in 
assessing the quality of the deposited films. Those that reacted with 
hot distilled water and were readily removed in hydrofluoric acid (HF) 
before and after annealing, proved subsequently to be the best 
encapsulants. Nevertheless, hydrolysis was prevented by coating the 
deposited AIN films, in-situ, with a thin layer of aluminium. 
Characterisation of films produced in such a manner showed that the 
deposited layers were mainly aluminium nitride with low oxygen content. 
AIN films with and without protective excess aluminium at the surface 
have been used to anneal successfully ion-implanted GaAs to temperatures 
as high as 1100DC. This is well above the maximum useful temperature for 
CVD Si3N^ films, which have been found to fail at temperatures greater 
than 950°C. Thus, the superiority of evaporated AIN over CVD Si3N^ has 
been demonstrated together with its effectiveness in protecting implanted 
GaAs and preventing the outdiffusion of Ga and As from the substrate. 
This is supported by experiments which compare the electrical properties 
as a function of annealing temperature and time for various implantation 
conditions.
Another encapsulant, consisting of approximately 300 A of CVD SisN^, 
deposited at 635°C for 15 seconds followed by a 600 A of evaporated AIN 
layer has also been developed and used to anneal GaAs samples. This 
double-layer encapsulant produced more reproducible results than when 
single-layer caps were used and was thus considered to be a more reliable 
method for protecting the GaAs surface during high temperature annealing. 
Using the double-layer cap, tin- and selenium- implanted GaAs samples 
were annealed at temperatures up to 1150c‘C, and produced sheet 
resistivities as low as E8 Q/O and 37 D/D for tin and selenium implants, 
respectively. Although evaporated AIN, with and without CVD Si3N^, are 
both effective encapsulants up to at least llOO^C, the best 
reproducibility however, was obtained when the latter, SiaN* + AIN, cap
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was used. Furthermore, there was no obvious dependance of electrical 
properties on the type of encapsulant used except from the point of view 
of reliability.
In addition to those already mentioned, there are other advantages
presented by the new encapsulation technique. Firstly, the deposition
process for AIN films is very simple and easy to implement. Secondly,
while the deposition has been carried out on substrates held at room 
temperature, the procedure could nevertheless be easily adapted and 
performed on hot substrates. Accordingly, the method is attractive and 
suitable in preventing surface decomposition of III—V compounds, 
particularly those for which room-temperature deposition of encapsulants 
or thin films is required. Finally, the evaporated AIN films are easily 
removed in HF before and after annealing.
The new encapsulants mentioned above have been used to anneal 
ion-implanted GaAs with species other than Sn and Se and found to be very 
effective (142). Other members of the Ion-Implantation Group have used 
these caps to anneal ion-implanted III—V compounds and as future work, it 
would be very interesting to determine the usefulness of these films as 
passivating layers for other implanted III—V compounds and also as 
dielectric layers. Another field for further investigation would be into 
the characterisation of evaporated AIN and its various uses following 
deposition onto hot substrates.
6.3 The Double Graphite Strip Heater
j
In search for the most efficient annealing method, a comparison between 
the single graphite strip heater, the incoherent light heater, and the 
electron beam annealer, revealed that the three methods are equivalent in 
terms of the degree of electrical activation and maximum electron 
concentration obtained. However, a common problem in all three processes 
is the difficulty in accurately controlling and measuring the temperature 
and time of annealing. To solve this problem, a double graphite strip 
heater was developed. It was demonstrated that the double graphite strip 
heater gives a more reproducible and reliable measure of sample 
temperature than the single graphite strip heater, the incoherent light 
annealer or the electron beam annealer. Temperature-time excursion 
measurements performed to compare these various methods revealed the
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existence of a temperature lag in both the single-graphite strip and the 
incoherent light annealers, vis-a-vis, the double graphite strip heater. 
The magnitude of this temperature difference depended on the type of 
annealing method used as well as on the thermal contact between the 
sample and the graphite strips, and the position in which the monitoring 
thermocouples were fixed. Correspondingly, sheet electrical properties 
measured from Sn and Se implants into GaAs annealed using these various 
methods differed consistently depending on the annealing, technique 
adopted. This indicated that the double graphite strip heater could be 
used as a standard technique against which the other annealing methods 
could be calibrated. Furthermore, provided a reliable encapsulant, AIN 
or (AIN + Si3N^), is used, then the four annealing methods are
comparable, such that if the temperature-time excursions of samples are 
similar, then so too are their electrical properties.
6.A Properties of Sn- and Se-Implanted GaAs
With better encapsulation and annealing techniques, it was possible to 
achieve n^-layers in GaAs. The highest electron concentration of 8-9 x 
10ie cm-3 was obtained from tin- and selenium- implanted GaAs samples. 
This was the best result recorded, although it has been possible to 
obtain a number of other samples, implanted with tin, in which the 
electron peak carrier concentration was greater than 1 x 101V cm-3.
However, these results were obtained on GaAs substrates which suffered 
from thermal conversion (162,165). The resistivities achieved for Sn 
implants were also the lowest ever recorded.
Annealing Sn and Se implants at various temperatures revealed that high 
dose implants into GaAs require annealing temperatures greater than 
1000°C for good electrical activation of the dopant atoms. Below this, 
incomplete annealing occurred, giving rise to double-peak profiles for Se 
implants. This is probably due to variations in local defect 
concentrations with depth. For samples annealed at or above 1000°C, RBS 
and TEM results indicate that the material obtained was of high crystal 
perfection and contained few residual defects, even though the 
as-implanted samples were heavily damaged (of polycrystalline structure). 
The remaining defects consisted mainly of dislocation loops, which, 
however, did not appear to affect significantly the measured electrical 
properties.
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Full (100*/.) electrical activity was achieved for a dose of 1 x 101£f 
Sn^cm"3 and lower. In contrast, only about 60*/. activity was possible on 
the same dose of selenium implants. Sheet resistivities as low as 60 0/D 
were obtained for the 1 x lO1** Sn^cm"3 dose with an average Hall mobility 
of 2000 cm3/Vs. The corresponding maximum carrier concentration after a 
1090°C/5 s anneal was about 6-7 x 101B cm"3, which is a significant 
improvement compared to a value of 5 x 10ie cm"3 obtained following a 
1000°C/20 5 anneal.
For a dose of 1 x 101S cm"3 , sheet resistivities as low as 37 0/□ and 28 
0/D were obtained for selenium implants annealed at 1050°C and tin 
implants annealed at 1090°C, respectively. However, the sheet electrical1 
properties of Se-implanted GaAs saturated above a temperature of 1050°C, 
whereas in the case of the tin-implanted samples, no such saturation was 
measured, even after annealing at 1090°C. Furthermore, Hall mobility 
values for tin implants were higher in magnitude compared to those 
obtained for selenium. This indicates that the sheet electrical 
properties of tin implants are significantly better than those of 
selenium. It also demonstrates the usefulness of such layers for ohmic 
contact regions, provided the high temperature anneal is compatible with 
device fabrication. In this respect, future work should test the effect 
of high annealing temperature on both high (> 101£f cm"3 ) and low (< 1013
cm"3 ) dose implants in GaAs, fabricate non-alloyed ohmic contacts, and 
determine their electrical quality by measuring the specific contact 
resistance.
6.5 The Thermodynamic Model
The availability of a reliable and reproducible encapsulant and the 
ability to measure the annealing temperature and time accurately, made 
way for the study in detail of the dependence of the sheet electrical 
properties of 1 x lO1^ Bn and Se implants in GaAs on the annealing 
temperature and time. The analysis of experimental data shows that for 
the given dose, the electrical activity increases with annealing time and 
annealing temperature, reaching a plateau value following a sufficiently 
long annealing time. Therefore, there is a time dependent as well as a 
time-independent region in the activation process. An in-depth study of 
the kinetics of electrical activation of implanted tin or selenium in 
GaAs has been performed from which a model to describe the incorporation
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of tin and selenium in ion-implanted GaAs has been developed and used to 
explain experimental results. Overall, the results are consistent with, 
and support the underlying thermodynamic theory.
The model proposed involves the formation of precipitates of tin or 
selenium in as-implanted material. During the very early stages of 
annealing, recrystallisation occurs and the majority of the precipitates 
dissolve to form complex defects. The exact form of the complex is not 
clear but it consists most likely of the implanted impurity (tin or 
selenium) and one or more vacancies (VB« or VA„). The electrical 
activation of tin and selenium proceeds by local diffusion of the 
impurity atoms until they find appropriate vacancies (VBo or Va «J . The 
energy required for the diffusion process is about 2.5 ± 0 . 1  eV and A.5 
± 0.4 eV, for tin and selenium, respectively, while the energy required 
for the splitting up of the complex and the substitution of the implanted 
impurity onto the appropriate vacancy is 1.2 ± 0.1 eV for both tin and 
selenium alike. The calculated activation energies are in reasonable 
agreement with published data and with well-known properties of ion- 
implanted GaAs.
6.6 Conclusion
The results of this research demonstrate that it is possible to achieve 
n^'-layers with carrier concentrations of the order 1 x lO1*7 cm"'3 for both 
tin- and selenium-room-temperature implants in GaAs with corresponding 
sheet resistivities better than 30 0/D and good mobilities (especially
for tin-implants). However, an annealing temperature of at least 1000°C 
is required in order to achieve these results. Provided that this 
is compatible with device fabrication, these layers will be very useful 
for non-alloyed ohmic contacts. It has also been demonstrated that it is 
possible to measure the energy of diffusion of impurities implanted into 
GaAs and identify their incorporation and migration mechanisms by 
studying the temporal evolution of electrical activity for a wide range 
of temperatures. However, this is possible only with the use of a 
reliable encapsulant and accurate temperature and time measurements using 
an appropriate rapid thermal annealing technique. Moreover, it is 
necessary to have good quality semi-insulating GaAs material which is 
thermally stable at the required annealing temperatures in order to 
obtain reliable results. For these reasons, the development of a new 
encapsulation technique was undertaken employing AIN and AIN + Si3N<*.
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This provided the means for useful annealing at temperatures of up to 
1150c,C. Additionally, the rapid thermal annealing technique was improved 
by the development of the double graphite strip heater. In so doing, it 
was possible to perform annealing studies of the sheet carrier 
concentration of tin- and selenium-implanted GaAs. In this respect, a 
simple thermodynamic model has been developed to explain the 
incorporation of Sn and Se impurities and the energies associated with 
their diffusion in GaAs were determined. The excellent agreement between 
the theoretical model and the experimental electrical data suggests that 
attention must now be directed towards understanding the mechanisms of 
incorporation of implanted impurities in GaAs. The potential of the
theory is clearly demonstrated even with the relatively few results
presented in the case of selenium implants in GaAs. Consequently, 
experimental work should be extended further into the study of other n- 
type (S, Si, Te) and p-type implants (Zn, Mg, Be) into GaAs in order to 
determine their annealing kinetics and incorporation mechanisms. Further 
development of the theory should also be continued and expanded to take 
account of higher order kinetics in Equation (5.5). This is of
potential value in explaining measured electrical properties and, 
perhaps, more importantly in the understanding it can provide of 
diffusion processes and incorporation mechanisms of impurities in GaAs. 
Moreover, studies should be made of the effects of implanting Ga or As 
together with high-dose Se or Sn into GaAs. The stoichiometric control 
provided by Ga and As implantation combined with RTA should enhance the 
electrical activity. Finally, the extent of point defects remaining 
after rapid thermal annealing must also be investigated. Experimental 
approaches to the problem might involve studies of the relationship 
between the microstructure of implanted layers and the measured 
electrical properties.
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